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ABSTRACT

The species is one of the most important concepts in organismic biology. There is,
however, a long history of disagreement about h o w to define species and h o w they
arise. All current species concepts are logically and operationally flawed because
they rely on prospective narration, or equivalently, they depend u p o n the future.
The solution is to use a species concept that is appropriate to a specific objective. The
objective in this thesis w a s to study the processes producing divergence and
ultimately perhaps speciation. It w a s most appropriate then to define species here as
the most inclusive monophyletic group of organisms having the potential for genetic
and/or demographic exchangeability. Persoonia mollis R. Br. sens, lat (Proteaceae) is a
complex species that offers great opportunity to effectively address unresolved
concepts relating to both systematic pattern and evolutionary process at the specific
and infra-specific level.

Persoonia mollis R.Br. sens, lat was circumscribed and formally revised, and, as here
defined, is clearly separated from all other species and constitutes a monophyletic
group. A key and description were provided for the nine taxa recognised as
subspecies. Five n e w taxa were described in P. mollis: subsp. maxima, subsp. nectens,
subsp. leptophylla, subsp. livens and subsp. budawangensis. Three n e w combinations
were m a d e : P. mollis subsp. caleyi, P. mollis subsp. revoluta and P. mollis subsp.
ledifolia.

Support for the recognition of these nine infraspecific taxa within P. mollis was found
following a multivariate phenetic analysis of morphological variation. Eighty-seven
flowering herbarium specimens, collected from throughout the range of P. mollis,
were measured for 24 characters incorporating size, shape and pubescence on
vegetative and floral parts. These data were analyzed by two ordination procedures,
multidimensional scaling ( M D S ) and canonical variate analysis (CVA). Plots of
canonical variate scores against latitude or longitude across subspecies boundaries
revealed phenetic homogeneity within subspecies with sharp transitions between
subspecies. The geographic variation in morphology within P. mollis can be best
described as a mosaic of nine recognisably distinct allopatric or parapatric taxa,
where narrow zones of morphological transition separate neighbouring taxa.

The breeding system of P. mollis was characterised to firstly assess its importance as a
mechanism promoting genotypic diversity and secondly to investigate the m o d e of

control over selective fruit abortion. Fruit quantity and quality w a s assessed
following self- and outcross-pollination manipulations. Twenty percent of outcrossed
flowers set fruit, compared to only 1 % of flowers fertilized with self-pollen. Fruits
produced by self-fertilization were 7 2 % the weight of cross-fertilized fruits. Fruits
produced by self-fertilization were significantly fewer in number and lighter than
fruits following natural pollination of unmanipulated flowers (17% fruit set), but
outcrossed and naturally pollinated fruits were equivalent. Flower to fruit
demography suggested that a post-zygotic mechanism m a y be preferentially selecting
the most vigorous genotypes, as ovary abscission occurs mostly between 4 and 30
weeks after pollination regardless of pollen source. Self-pollen tube growth w a s
found to be inhibited within the style, while pollen tubes were found in the ovary for
5 0 % of all outcrossed flowers. These data suggest that a pre-zygotic "pseudo" selfincompatibility mechanism is the cause of low fruit set following self-pollination.
The breeding system of P. mollis w a s found to promote outbreeding, with an
emphasis on flexibility and post-zygotic choice following pre-zygotic "pseudo" selfincompatibility.

Severely restricted gene flow may be a factor contributing to the remarkable amount
of morphological variation within P. mollis. The mating system and realized pollen
dispersal were studied to assess their effect on gene flow. Mating system parameters
were estimated in seven natural populations over two seasons using allozyme
electrophoresis. Realized pollen dispersal w a s measured in two natural populations
over two seasons by monitoring the dispersion of a rare allozyme from a k n o w n
source plant in each population. Single- and multi-locus estimates of outcrossing rate
(t) were consistently equal to or greater than one (i.e. complete outcrossing). Realized
pollen dispersal distances showed that 9 9 % of the pollen received b y given females
w a s donated by males on average within 33m. However, 7 0 % of all pollen dispersal
w a s on average to the paternal plant's immediate neighbour. Genetic neighbourhood
sizes due to pollen dispersal alone ranged from 1 to 5 plants, and paternity pool sizes
ranged from 4 to 22 plants. These population sizes are small enough to allow genetic
differentiation in the absence of selection. However, in contrast to the expectation
that small population size leads to biparental inbreeding and reduced heterozygosity
compared to Hardy-Weinberg expectations, the m e a n fixation index (F) of -0.035
indicated a slight excess of heterozygotes in the seed cohort. This apparent paradox
could be the result of selection for heterozygous seeds, disassortative mating, or more
likely because gene flow through seed dispersal substantially increases the
neighbourhood sizes estimated here through pollen dispersal alone.

Hierarchical patterns of genetic diversity and gene flow were estimated within P.
mollis from allozyme frequency data. The total gene diversity (H T ) within P. mollis
w a s extremely low (0.139) compared to an average of 0.310 for 406 plant species.
This low gene diversity m a y be typical of the Proteaceae. However, P. mollis w a s
typical in the w a y its gene diversity w a s distributed, with 78.3% of the total gene
diversity found within populations. Of the 21.7% found a m o n g populations, 17.9%
w a s attributed to differences a m o n g subspecies and only 3.8% attributed to
differences a m o n g populations within subspecies. Indirect estimates of gene flow
(Nm) a m o n g all 18 populations of P. mollis were approximately 1 individual per
generation. Estimates of gene flow (Nm) between populations of neighbouring
subspecies were generally well in excess of 1. A more detailed comparison of gene
flow within and between some neighbouring subspecies revealed only 1 of 4 cases
where Nm within subspecies w a s significantly in excess of Nm between subspecies.
However, even for this exception, Nm w a s still in excess of 1. These results show
that P. mollis is morphologically differentiated despite the homogenizing effects of
gene flow. Consequently, natural selection rather than genetic drift w a s inferred to
be primarily responsible for the patterns of morphological differentiation within P.
mollis.

The phylogenetic analysis of conspecific populations is essential for an understanding
of historical processes within species such as range expansion, divergence and
ultimately speciation. The phylogeny of 18 populations representing all nine
subspecies within P. mollis w a s estimated from allozyme frequency data. Trees were
constructed under different models and assumptions. These procedures were
m a x i m u m likelihood ( C O N T M L ) , m a x i m u m parsimony (FREQPARS), U P G M A ,
distance W a g n e r and neighbor joining. Major differences in topology between trees
constructed under an assumption of an evolutionary clock ( U P G M A ) and trees that
do not assume equal rates of divergence indicated that evolutionary rates are not
equal in different lineages in P. mollis. Of the n o n - U P G M A trees, the m a x i m u m
likelihood and m a x i m u m parsimony trees produced similar topologies and were the
most optimal under the criteria of likelihood (given the model of all change due to
drift) and tree length. The major patterns produced included an extremely close
congruence between geographic distance between populations and the position of
each population on the tree for most populations, the early differentiation of subsp.
maxima, the well supported clade of all other P. mollis populations and, within this
clade, the split into two clades that although distinct, were weakly differentiated at
their base. These trees were consistent with a scenario of range expansion along two

distinct lineages in a southern direction. These lineages currently terminate in
populations that share a hybrid zone of apparently secondary origin west of the
B u d a w a n g Range.

Hybrid zones provide a unique opportunity to study the processes involved in the
differentiation of populations and ultimately speciation. Narrow hybrid zones
between P. mollis subsps. revoluta, livens and ledfolia were studied. These zones were
associated with ecotones. Gene flow w a s assessed indirectly from allozyme
frequency data. The fitness of hybrids w a s assessed by fruit set and weight following
controlled pollination manipulations across the hybrid zones. The relationship
between fitness and the spatial distance between mates w a s assessed to test for the
presence of an optimal outcrossing distance. This w a s tested for initially at distances
of u p to 15 k m across the hybrid zones, and in a second experiment involving plants
separated naturally by distances of u p to 150 k m . Unique allozyme markers were
tracked from pollen to seed in a manipulated population to determine whether
pollinators (bees) discriminate between plants from different subspecies. There w a s
no evidence for restricted gene flow across these zones, as indirect estimates of gene
flow were extremely high (average Nm over 8 loci w a s 19), and pollinators did not
discriminate between subspecies. There w a s no detectable fitness effect following
pollination across the hybrid zones and no evidence for optimal outcrossing at these
distances as fruit set and weight were not significantly different for different pollen
sources. These results indicate that hybrid seeds are neither advantageous nor
disadvantageous compared to parental seeds. There was, however, evidence for
asymmetric outbreeding depression at distances of 150 k m .

Conclusions about the role of natural selection in affecting phenotypic variation
a m o n g populations must first distinguish the variation due to phenotypic plasticity,
as only the former is heritable. The extent of phenotypic plasticity within P. mollis
w a s assessed by reciprocal transplant experiments of vegetatively propagated
seedlings between 3 pairs of populations of markedly different phenotypes. After 15
months in "home" or "away" environments, 10 leaf characters were measured on
recently produced leaves from transplants and adults, the adults being the source
plants of cuttings. The change in phenotype w a s assessed by the ordination
procedure non-metric multidimensional scaling and by A N O V A . Although there w a s
evidence for plasticity, the diagnostic differences between reciprocal populations were
not removed from leaves produced under n e w conditions. Therefore, the diagnostic
differences between these populations appear not to be due to plasticity, but are

under heritable control. However, similar experiments with seeds are required to
assess the extent of genetic canalization in developing seeds and seedlings.
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CHAPTER ONE: GENERAL INTRODUCTION; TAXONOMIC PATTERN A N D
EVOLUTIONARY PROCESS - SPECIES A N D SPECIATION.
The species is one of the most important concepts in organismic biology (Mayr 1982a;
Kluge 1990), Species are often viewed as the fundamental unit of evolution and the
base unit of systematics and as such a proper understanding of species is crucial for
the success of evolutionary biology and biological systematics (Ereshefsky 1992).
However, there is a long history of disagreement amongst biologists about h o w to
define the species category and on h o w species arise. In the last twenty-five years,
well over 100 books and articles have appeared on the nature of species, with over 20
different concepts of the species category (Ereshefsky 1992). The most widely
accepted species concept amongst evolutionary biologists (Otte and Endler 1989;
Coyne 1992) continues to be the biological species concept (bsc), which states that
species are actually or potentially interbreeding natural populations that are
reproductively isolated from other such groups (Mayr 1963). A number of problems
plague this definition, including its non-applicability to asexually reproducing
organisms, as well as its inability to cope with hybridisation between species, a
relatively frequent occurrence amongst plant species in particular. These problems
have been summarised as "too little sex" and "too m u c h sex" (Templeton 1989).
Further, empirical studies suggest that gene flow is m u c h more restricted within most
species than previously thought (e.g. Ehrlich and Raven 1969; Levin and Kerster 1974;
Levin 1981; Slatkin 1985a, 1987), Most taxonomists n o w reject the bsc as
characterising species (e.g. Levin 1979; Cracraft 1983,1989; Donoghue 1985;
Templeton 1989; Nelson 1989).

Numerous alternatives to the bsc have been proposed (e.g. Ghiselin 1974; Wiley 1978;
Nelson and Platnick 1981; Paterson 1985; Donoghue 1985; Mishler and Brandon 1987;
de Queiroz and Donoghue 1988; Ridley 1989; Cracraft 1989; Templeton 1989; Kluge
1990; Ereshefsky 1992). Of these, a distinction can be m a d e between those definitions
that emphasise pattern and those that emphasise process (Liden and Oxelman 1989;
Chandler and G r o m k o 1989). Species, it has been argued, are not involved in
processes - they are effects, not effectors (Kluge 1990). Conceptually, species can be
regarded as historical lineages between two speciation events, or between a speciation
event and an extinction event, or if extant then since a speciation event (Hennig 1966;
Ridley 1989). All members of a particular lineage are descended from a shared
c o m m o n ancestor. It is the c o m m o n ancestry, rather than gene flow at any one
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m o m e n t in time, that defines species. The lineage is normally restrained from further
splitting by one or more cohesive mechanisms, including limits to gene flow,
stabilising selection in fundamental niches, and ecological, developmental and
historical constraints (Templeton 1989). Speciation, then, is caused by a release in one
or more of these cohesive constraints.

The difficulty, however, remains the search for an operational definition. One
suggestion is that species can be defined as the smallest diagnosable cluster within
which there is a parental pattern of ancestry and descent (Nelson and Platnick 1981;
Cracraft 1987, 1989). Mishler and Brandon (1987) would add to this definition a
"ranking component", namely that species are not different from other higher level
taxa and as such they should be monophyletic groups (i.e. a group that contains all
and only descendants of a c o m m o n ancestor, originating in a single event). This has
been criticised and is currently an area of m u c h debate (Nelson 1989; Kluge 1989;
Ereshefsky 1989; Liden 1990; Wheeler and Nixon 1990; Nixon and Wheeler 1990; de
Queiroz and Donoghue 1990a,b). The species problem is perennial (Howard 1988),
and perhaps even insoluble (Nelson 1989). Indeed, the species problem m a y not be
something that can be solved, but rather something that needs to be "gotten over"
(O'Hara 1993). The persistence of the species problem suggests that it is something
more than a problem of fact or definition, but rather one of logic. All current species
concepts are prospective - that is they depend upon expectations of the future
(O'Hara 1993). For example, the bsc requires different species to be reproductively
isolated n o w and in the future. A s a consequence, it is logically impossible for these
species concepts to be applied with certainty in the present because they all depend
upon unknowable events in the future (O'Hara 1993).

The solution, then, may be to get over the species problem and to view it as a
problem of historical representation (O'Hara 1993). Because the delimitation of
species in the present depends upon expectations of the future and because different
systematists m a y frame such expectations differently, a variety of generalisations of
the natural system at the species level are possible and there m a y not be any absolute
criteria available for choosing a m o n g them (O'Hara 1993). A s such, it is
unproductive and possibly misleading to apply one species concept to all species or
to answer all questions (Endler 1989). Just as different cartographic m a p s are applied
for different uses, so might different m a p s of the relationships of species be
appropriate for different requirements. Just because a phylogenetic tree m a y
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terminate in things called species, this does not m e a n that those species have no
internal historical structure of their o w n , some of which m a y be recoverable by
cladistic analysis. Conversely, just because the terminal "species" of a phylogenetic
tree are drawn on separate branches, this does not necessarily imply that there has
been absolutely no gene flow between them, some of which m a y be detectable by
population genetic analysis (O'Hara 1993).

Speciation is the process of becoming a species. Speciation events have been
traditionally classified on the basis of the geographic context in which the initial
divergence occurs (Mayr 1963; Bush 1975; Endler 1977; White 1978; Grant 1981).
Allopatric, parapatric and sympatric models of speciation describe situations in which
divergence occurs in geographically isolated populations, in contiguous but nonoverlapping populations, or between sub-populations at a single locality respectively.
These situations can be seen to represent points along a continuum defined by the
amount of gene flow between diverging populations (Templeton 1981). The
peripheral isolates model (also called founder or peripatric speciation) and the
vicariant model (also called dichopatric speciation) describe the two extremes of
allopatric m o d e s of speciation (Lynch 1989). In the allopatric model, reproductive
isolation develops as a by-product of divergence in geographically disjunct
populations. The consensus view is that the peripheral isolates model is the most
c o m m o n m o d e of speciation (Mayr 1963; Bush 1975; Grant 1981). However, by using
distributional data with explicit hypotheses about relationships between species,
Lynch (1989) concluded that the vicariant model w a s more important in vertebrate
speciation. These results were confounded though, as parapatric speciation m a y not
be distinguishable from the phylogenetic patterns resulting from either peripheral
isolates or vicariant models of allopatric speciation (Wiley 1981; Cracraft 1982).
Although parapatric speciation has both theoretical and empirical support (Endler
1977; Barton and Hewitt 1985), allopatric speciation is considered the most c o m m o n
m o d e and sympatric speciation the least c o m m o n m o d e (Mayr 1963; Bush 1975;
White 1978; Grant 1981; Lynch 1989).

The relative frequency of the modes of speciation appear to differ between animals
and plants (Grant 1981). The genetic mechanisms which have a built-in capacity for
producing reproductive isolation rapidly and which are the basis of quantum
speciation are more likely to occur in plants. For example, speciation by polyploidy,
hybridisation, or by factors affecting breeding or mating systems are more c o m m o n

in plants (Grant 1981; Barrett 1989; Rieseberg and Brunsfeld 1991). Mating systems
are extremely flexible and can vary substantially within a species (Schemske and
Lande 1985). Shifts in mating systems are often associated with speciation (Barrett
1989), although speciation does not necessarily involve shifts in the mating system.

The study of the processes that may ultimately result in speciation is extremely
difficult because it is impossible to witness a speciation event. Consequently, the
study of speciation relies on either the inference of historical events from the analysis
of closely related species (e.g. Cracraft 1989; Lynch 1989), or from the analysis of
diverse species that m a y be in the process of speciation (Endler 1977; Hewitt 1988).
Both approaches are limited. First, it is very difficult to m a k e inferences about
historical processes like speciation from present-day information such as the
distribution patterns of species (Endler 1977; White 1978; Endler 1982, 1983; Barton
and Charlesworth 1984). For example, it is frequently argued that hybrid zones are
best explained by secondary contact between populations expanding out from
allopatric refugia (Barton and Hewitt 1985,1989). However, Endler (1983) has s h o w n
that it is very difficult to distinguish between hybrid zones resulting from secondary
contact or primary divergence from present-day patterns of the zone as with time the
two result in similar patterns. Secondly, the problems of prospective narration
(O'Hara 1993) m e a n that it is logically impossible to predict future events such as
speciation from present-day patterns of infraspecific diversity. Consequently,
speciation remains a very contentious area in biology. C o m p o u n d i n g the difficulty is
that the term speciation has been used to describe different processes, including the
evolution of reproductive isolation and cladogenesis, the evolution of biological
diversity, and the evolution of D N A sequence diversity (Endler 1989).

Consequently, where the aim is to study the processes that produce diversity, and
ultimately perhaps speciation, then geographically diverse lineages that are
potentially in close proximity to a speciation event (i.e. node) are the most rewarding
to study. Conversely, it is these lineages where the application of taxonomic rank
(either species or subspecies) is most difficult. That is, it is at this point that
distinguishing between anagenesis (change within a lineage) and cladogenesis (the
splitting of a lineage) is most difficult. N e w species are defined conceptually only by
the latter.

In this thesis, I attempt to synthesise the disciplines of systematics, genetics and
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ecology to address taxonomic patterns and to elucidate evolutionary processes within
the morphologically diverse, yet monophyletic, taxon Persoonia mollis R. Br.
(Proteaceae). P. mollis can be regarded as a lineage that m a y be in close proximity to
a speciation event (i.e. node) and, as such, it serves as both a taxonomically difficult
group as well as an excellent organism for the study of the processes that are
important in producing divergence and, possibly, ultimately speciation. Conversely,
through the study of this "problem species", it is intended that some further
resolution of the "species problem" can be achieved,

An initial aim was to improve the resolution of the taxonomy of this previously
poorly understood taxon. In Chapters 2 and 3 I present the results of a formal
revision of the species with multivariate statistical (phenetic) analyses of
morphological variation that support the recognition of the taxa proposed, and point
to the existence of numerous narrow zones of transition between neighbouring
populations. Zones such as these play a vital role in several models of divergence
and speciation (Endler 1977). The dynamics of two of these zones in P. mollis were
examined by assessing the relative fitness of hybrids following pollination
manipulations across these zones. Gene flow across these zones w a s estimated
indirectly from allozymes (see Slatkin 1985a, 1987; Slatkin and Barton 1989 for
reviews of these procedures). Zones maintained by a balance between selection
against hybrids and gene flow have been termed tension zones (Key 1968; Barton and
Hewitt 1985). Zones can also be maintained by selection for hybrids within a narrow
ecotone (Moore 1977). Alternatively, Endler (1973,1977) has s h o w n that divergence
can occur independently of even extensive gene flow. The results of these studies are
presented in Chapter 8.

The current distribution of diversity within species is affected by both phylogenesis
and current ecology (Endler 1982,1983). Distinguishing between these two factors
from an analysis of pattern alone is extremely difficult (Endler 1982,1983). Phenetic
analyses usually cannot reveal historical processes that have affected current patterns
of diversity within a species. Under certain assumptions, historical patterns of
divergence can be identified by phylogenetic procedures with populations as terminal
taxa (Bremer and Wanntorp 1979; Felsenstein 1981,1982; Endler 1982; Swofford and
Berlocher 1987; Swofford and Olsen 1990). For example, patterns of range expansion
can be revealed, and contact zones due to primary or secondary divergence can be
distinguished (e.g. Thorpe 1984). I conducted a phylogenetic analysis of populations,
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using allozyme frequency data, in an attempt to reveal the historical patterns of
divergence within P. mollis. These results are shown in Chapter 7.

Current ecological factors affecting the distribution of diversity within species inclu
gene flow and natural selection. Gene flow can be defined as the m o v e m e n t and
establishment of genes and gene complexes (Endler 1977). Although gene flow is
inappropriate as a universal criterion for the recognition of species (see above), it
does play a central role in evolution as a cohesive, creative and/or passive force
(Wright 1969; Endler 1977; Slatkin 1985a, 1987; Templeton 1989). The differences in
levels of gene flow in different species means that gene flow does not have a single
evolutionary role (Slatkin 1985a). Gene flow counteracts the factors that favour
geographic differentiation a m o n g populations. Gene flow can, therefore, maintain
cohesion within a species (Mayr 1963; Templeton 1989). All else being equal,
reproductively isolated populations will differentiate by genetic drift alone. Although
any gene flow at all a m o n g populations will prevent complete fixation, gene flow
must exceed a certain level to prevent substantial differentiation due to genetic drift
(Wright 1931). However, natural selection along an environmental gradient can
produce geographic differentiation in a contiguous population independently of gene
flow (Endler 1973, 1977). The balance between gene flow and selection will
determine the slope of the resulting cline (Endler 1977). Gene flow can also be a
creative force in evolution, as the movement of individuals or even entire populations
m a y spread superior genes and combinations of genes throughout a species once they
become c o m m o n in one location (e.g. Wright 1982). Consequently, the patterns of
gene flow in (and among) species, and their effects, are complex and vary widely.

A major aim of this study was to characterise gene flow in P. mollis by direct and
indirect procedures. Gene flow in plants occurs via pollen and seed, with pollen
frequently the larger component (Levin and Kerster 1974; Loveless and Hamrick
1984). Realized pollen dispersal is a function of the m o v e m e n t of pollen by vectors
as well as post-pollination events that affect fertilisation (Levin and Kerster 1974;
Willson and Burley 1984; Waser 1993). The breeding system of plants determines the
potential for pollen flow via the relative success of outcross-pollen over self-pollen.
Assuming pollen dispersal, a maternal preference for outcross pollen will promote
gene flow via pollen and outbreeding. The breeding system of P. mollis is
characterised in Chapter 4. The mating system describes patterns of syngamy, or
equivalently, w h o has shared parentage with w h o m in a population (Waser 1993). A
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fundamental component of the mating system is the outcrossing rate, which is the
proportion of outcrossed progeny to selfed progeny following natural pollination
(Clegg 1980). The contribution of pollen dispersal to gene flow is directly correlated
with the a m o u n t of outcrossing, as selfed seeds have a pollen dispersal distance of
zero. Estimates of outcrossing rate in P. mollis are given in Chapter 5. Also s h o w n in
Chapter 5 are direct estimates of realized pollen dispersal distances, obtained through
the tracking of rare genetic markers from pollen to seed in natural populations.
Hierarchical estimates of gene flow within P. mollis were also obtained indirectly
from allozyme frequency data. These results, along with the details of the
distribution within P. mollis of genetic diversity as estimated from allozymes, are
presented in Chapter 6.

In addressing the factors responsible for phenotypic variation, it is essential to
distinguish between the heritable and non-heritable components of variation. Natural
selection cannot occur if the trait is not heritable (Endler 1986). I estimated the extent
of phenotypic plasticity within P. mollis by reciprocal transplant experiments,
followed by monitoring of the diagnostic phenotypic differences a m o n g populations.
These experiments also have consequences for questions of taxonomic rank, as plastic
variation a m o n g populations does not warrant recognition at species rank because the
differences have an ephemeral nature due to an absence of genetic differences. The
results of these experiments are presented in Chapter 9.

With current molecular techniques for collecting genetic data and new tools for
analysis, the fields of systematics, genetics and ecology are no longer isolated
(Felsenstein 1988; Harrison 1991). The methods used to study the evolution of
quantitative characters within populations can be profitably used on a phylogenetic
scale to illuminate the connection between pattern and process (Felsenstein 1988).
However, m a n y studies of processes at or below the species level have adopted a
species concept rejected by most taxonomists. In a recent major book on species and
speciation (Otte and Endler 1989), the first section (three papers) on species concepts
highlight the inapplicability of the biological species concept and present alternatives.
However, the following twenty papers on speciation processes universally adopt and
w o r k within the framework of the biological species concept (Otte and Endler 1989;
Mishler 1990). Clearly, some resolution of this dichotomy is a necessary first step for
progress to be m a d e on the connection between pattern and process.
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CHAPTER TWO: A TAXONOMIC REVISION OF THE COMPLEX SPECIES
Persoonia mollis ( P R O T E A C E A E )

2.1 Introduction

Persoonia mollis sens, lat., as here defined, is clearly separated from all other species
and constitutes a monophyletic group. It embraces four species recognised by
Bentham (1870: 398-399): P. caleyi R. Br., P. revoluta Sieber ex Schult. and Schult. f., P.
ledifolia A. Cunn. ex Meisn., as well as P. mollis R. Br. (sens, strict.). The recognition
of these four species led to m u c h confusion and uncertainty regarding their limits, as
well as to difficulty in the determination of quite typical specimens of each, and even
of other quite distinct species. A better understanding of the variation within this
group w a s obtained here through the orthodox study of morphological variation in
extensive herbarium material from throughout its range, as well as through the
consideration of habitat details that were previously poorly understood. The three
subspecies listed under informal designations in Jacobs and Pickard (1981) d o not
adequately reflect the extent of variation within the group. The overall
morphological variation is complex and in places appears somewhat clinal in nature,
but nine allopatric and parapatric taxa can be distinguished on the basis of overall
morphological dissimilarity. S o m e of these appear to be connected by more-or-less
broad hybrid zones, while others apparently have sharp boundaries. This is
discussed further under each of the taxa treated hereunder. Statistical analysis of the
morphological variation, and support for the recognition of nine taxa, is presented in
Chapter 3.

The assemblage includes taxa of quite strikingly different aspect and suggests
comparison with some others treated as species-groups (e.g. the P. nutans - P.
myrtilloides group) by Weston and Johnson (1991). However, because of the absence
of sympatry of taxa, and the apparent clinal nature of the variation, it w a s considered
appropriate at this stage to recognise a single broadly defined species, treating the
nine component taxa as subspecies. The question of rank is discussed further in
Chapter 3.

P. mollis sens. lat. possesses a clear and significant synapomorphy that unites the
subspecies and distinguishes the clade from all others. Persoonia fruits are fleshy
drupes with a hard w o o d y endocarp surrounding the (usually) single seed (Johnson
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and Briggs, 1975). The endocarp, anatomically and in transverse section, is typically
a solid, continuous w o o d y structure. The P. mollis endocarp, however, contains a
number of large tanniniferous sclereids with large lumina interspersed throughout
the normal structure of the endocarp. Further, the combination of linear to lanceolate
convex leaves that have recurved to revolute margins and that are markedly paler
beneath, short erect pedicels, pubescent to villous perianth, yellow anthers that lack
appendages, glabrous ovary, 2 ovules and small drupe distinguishes P. mollis sens.
lat. from all other species.

Some resolution of the taxonomy of this group was an essential precursory step to
the studies that follow in this thesis. Also, a revision of the complex w a s required for
the "Flora of N e w South Wales" (Weston 1991) and the "Flora of Australia".
Consequently, the revision presented in this chapter has been formally published
(Krauss and Johnson 1991).

Persoonia mollis R. Br.
Brown (1810a: 161)(1810b: 372)

TYPE CITATION: "In Novae Hollandiae ora orientali: prope Port Jackson: ad ripas
arenosas fluviorum (ubi v.v.).".

LECTOTYPE: NEW SOUTH WALES: Banks of the Grose, R. Brown 3285 (BM).
POSSIBLE ISOLECTOTYPES: Port Jackson, R. Brown, 1803 ( N S W 21316, ex B M ) ; Port
Jackson, R. Brown, ( N S W 21317, ex B M ) ; Port Jackson, R. Brown, 1801-1805 ( N S W
131413, ex B M ) ; Port Jackson, R. Brown, - ( N S W 21318, ex B M ? , ex MEL?).

Linkia mollis (R. Br.) Kuntze (Kuntze 1891: 579).
For further synonyms see under the subspecies.

Prostrate and spreading to erect and branching shrub, 0.2-5 m high, usually as broad
as high (broader in subsp. revoluta). Bark smooth, pale-metallic-grey to brown. Hairs
silky, 0.2-3 m m long, appressed to patent, pale to copper-orange. Branchlets slightly
angular, from silky-pubescent or spreading-pubescent to densely villous. Leaves
alternate (spiral phyllotaxy), or some subopposite or sometimes opposite-decussate or
whorled, spreading or suberect, not twisted, sessile or narrowed to a very short
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petiole, linear-filiform, linear, linear-oblong, oblong-lanceolate, narrow-lanceolate,
lanceolate, or oblong-ovate, acute, acuminate, obtuse or truncate, 1.5-12 c m long, 0.717 m m wide, always transversely convex with margins from closely revolute to
slightly recurved, the upper surface markedly darker green than the lower surface,
smooth or somewhat scaberulous above, the lower surface markedly more pubescent
then the upper, always ± hairy w h e n young, glabrescent, pubescent or villous w h e n
mature; venation obscure to evident (brochidodromous), w h e n evident usually only
the midvein prominent. Inflorescence an auxotelic botryum, 1-30-flowered; rachis 0-20
c m long. Flowers solitary, each subtended by a leaf or rarely by a reduced or scale
leaf, on short pubescent pedicels 1-3 m m long; buds just prior to anthesis 8-12 m m
long, silky-pubescent, pubescent, villous, or densely villous, rarely + glabrous; tepals
yellow, 7-11.5 m m long, obtuse or caudate, usually constricted below the anthers,
abaxial surface shortly and sparsely pubescent to densely villous; anthers (2.5-)3-4.5(5) m m long, yellow; filaments 2.8-4.8 m m long; glands deltoid or truncate, short, not
very prominent. Ovary glabrous, stipitate, the stipe 0.6-1.5 m m long; ovules 2. Drupe
stipitate, obliquely ovoid-globular or subglobular, small, c. 8 m m long, c. 7 m m
diam., green becoming purplish-brown, crowned by the slender persistent style;
endocarp woody, interspersed with tanniniferous sclereids. Cotyledons (4-) 5 (-6).

FLOWERING PERIOD: Late December to May and occasionally as late as August
(see also under the subspecies).

HABITAT: Widespread, from exposed coastal heath, to dry and wet sclerophyll forest
and woodland, to very sheltered and moist gullies, predominantly on sandy soils
derived from Tertiary Hawkesbury sandstone, Permian N o w r a sandstone,
Wandrawandian siltstone, Upper Devonian Merimbula Formation sandstone or
Ordovician metasediments, from near sea-level to 1100 m altitude (see also under the
subspecies).

DISTRIBUTION: Central and South Coast regions of New South Wales from O'Hares
Creek catchment area to Durras Lake, and Central and Southern Tableland regions
from the upper and lower Blue Mountains south to the southern B u d a w a n g Range,
and west to Goulburn, with a disjunct occurrence in the Hornsby area (Fig. 2.1).
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Figure 2.1. The approximate limits of the distribution of Persoonia mollis subspecies:
1, subsp. mollis. 2, subsp. maxima. 3, subsp. nectens. 4, subsp. ledifolia. 5, subsp.
revoluta. 6, subsp. leptophylla. 7, subsp. livens. 8, subsp. caleyi. 9, subsp.
budawangensis.
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K e y to the subspecies:

1

Leaves large, lanceolate to narrow-lanceolate, 4-12 c m long x 0.8-1.7 c m broad,
the margins recurved (often minutely).

2 Buds, young branchlets and young leaves densely villous (velvety) to villous
with spreading, pale to copper-coloured hairs 1-3 m m long. Leaves (young
leaves especially) soft.

3 Buds, young leaves and young branchlets villous to densely villous, the
longest hairs c. 1 m m long.
1. subsp. mollis

3* Buds, young leaves and young branchlets villous, the longest hairs c. 2-3
m m long.
2. subsp. maxima

2* Buds, young branchlets and young leaves (sparsely-) silky-pubescent, the
hairs c. 0.5 m m long, not copper-coloured. Leaves malleable but not very soft.
3. subsp. nectens

1* Leaves small, linear to linear-lanceolate to oblong-lanceolate to oblong-ovate, 1.54(-6) c m long x 0.08-0.6(-1.5) c m broad (those leaves broader than 0.6 c m are
shorter than 4 cm), the margins revolute (rarely recurved).

4 Leaves linear-lanceolate to oblong-lanceolate to oblong-ovate, 0.2-0.6(-1.5) cm
broad, the apex acute, acuminate or obtuse, the margins recurved to revolute
(the undersurface exposed w h e n dried).

5 Habit prostrate, spreading, 0.1-0.5 m high x up to 3 m diam. (or more).
Larger leaves usually broader than 0.6 cm, obtuse (-acute).
5. subsp. revoluta

5* Erect, branching, spreading shrubs 1.2-4 m high. Leaves always < 0.6 cm
broad, acute to + obtuse.

03132105 7
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6

Leaves very narrow-lanceolate to narrow-lanceolate, 3-6 c m long, the
apex acute.
8. subsp. caleyi

6* Leaves oblong-lanceolate to oblong-ovate, 3-4 cm long, the apex + obtuse.

Tepals 9-11.5 mm long. Longest hairs on buds and young leaf
undersurface 0.4-1 m m long. Occurs in the Fitzroy Falls area, north of
Kangaroo Valley.
4. subsp. ledifolia

7* Tepals 7.5-10 mm long. Longest hairs on buds and young leaf
undersurface 0.2-0.6 m m long. Endemic to the B u d a w a n g Range.
9. subsp. budawangensis

4* Leaves linear to linear-filiform, 0.08-0.15(-0.2) cm broad, the apex truncate to
bluntly acute or obtuse, the margins closely revolute (when dried the
undersurface wholly or largely obscured). Dense, compact bushy shrubs 0.81.5(-2) m high.

9 Undersurface of leaves densely villous, the hairs closely appressed. Leaves
green to grey-green.
7, subsp. livens

9* Undersurface of leaves sparsely-villous to villous, the hairs closely
appressed. Leaves bright-green.
6. subsp. leptophylla

1. P. mollis R. Br. subsp. mollis

Erect, branching shrub 1.5-5 m high. Young stems villous to velvety with erect, whitish
to copper-coloured hairs. Leaves soft, narrow-lanceolate, acute, 4-10 c m long, 0.6-1.5
c m wide, villous to velvety on the undersurface w h e n young, the longest hairs of
moderate length, c. 1 m m long, erect, whitish to copper-coloured, the margins
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(minutely) recurved, the midvein usually prominent. Buds villous to densely villous
with erect whitish to copper-coloured hairs c. 1 m m long. Figs. 2.2, 2.3.

FLOWERING PERIOD: Late December to April (and sporadically until June).

HABITAT: Dry to wet sclerophyll eucalypt forest with a shrubby understorey
moist, sheltered forested gullies, rarely in more exposed sites, on sandy soils derived
predominantly from (Triassic) Hawkesbury sandstone.

DISTRIBUTION: Widespread but sporadic throughout the upper and lower Blue
Mountains (Fig. 2.1).

CONSERVATION STATUS: not rare.

NOTES: This subspecies is apparently parapatric with subsp. nectens in the
Warragamba D a m catchment area. More collections are needed to determine the exact
nature of the variation in this area, although it does appear that it could be somewhat
clinal.

SELECTED SPECIMENS: NEW SOUTH WALES: Central Coast: Tabarag Ridge, 33°37'
S 150°33' E, Wiecek 6, 18 Mar 1987 (NSW); 5.3 k m W of Kurrajong Heights, 33°31' S
150°35' E, Coveny 12102 & Dunn, 15 May 1985 (NSW, B, K, PERTH); c. 1 mile [2.5 km]
from Bilpin to Mountain Lagoon, Salasoo 3200, 25 Apr 1966 (NSW 95807); Woodford,
Cheel, Sep 1913 (NSW 21307); Frasers Gully, Springwood, Camfleld, Mar 1899 (NSW
20924); The Valley,near Springwood, Maiden, 7-14 Apr 1888 (NSW); Erskine Creek, 10
miles [16 km] S of Glenbrook, Whaite 902, Apr 1951 (NSW 20922). Central Tablelands:

Wolgan East, Constable NSW 20934,14 Dec 1948 (NSW); M t Wilson, Fletcher, Jan 189
( N S W 20926); M t Victoria, Maiden, Dec 1896 (NSW 21299); Shipley Rd, Blackheath,
Burgess, 27 Feb 1969 (NSW 124902 ex C B G 026091); Lawson, Dwyer, Mar 1924 (NSW
21306); Katoomba area, along Six Foot Track to Nellies Glen, 33°42' S 150°17' E, Taylor
314 & Coveny, 23 Oct 1984 (NSW, B, K, M O , N B G , PERTH, RSA); Tableland Rd,
Kings Tableland, 4.8 k m from Great Western H w y , 33°46' S 150°23' E, Weston 1267 &

Catling, 31 Oct 1988 (NSW); c. 1 k m E of Little Cedar Gap, 33°49' S 150°18' E, Benson
1935 & Keith, 29 Mar 1984 (NSW); Jenolan Caves district, Blakely, Jan 1900 (NSW
20927). Precise locality uncertain: Blue Mountains, Cunningham 43,1817 (NSW, ex
BM); Blue Mountains, Cunningham 5,1827 (NSW 113874, ex B M ) ; N e w South Wales,

Figure 2.2. Typical leaf (undersurface) and bud of each Persoonia mollis subspecies (x
1.2): 1, subsp. mollis (R. Brown NSW

21317). 2, subsp. maxima (holotype). 3, subsp.

nectens (holotype). 4, subsp. ledifolia (Krauss 204). 5, subsp. revoluta (Krauss 237 &
Johnson). 6, subsp. leptophylla (holotype). 7, subsp. livens (holotype). 8, subsp. caleyi
(Krauss 227 & Howitt). 9, subsp. budawangensis (holotype).

CQ

Figure 2.3. Variation in morphology and habit in Persoonia mollis: A, subsp. mollis,
leaves, buds and flowers. B, subsp. maxima, habit.
...cont'd
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Figure 2.3. (cont'd). C, subsp. nectens, leaves and young fruits. D, subsp. revoluta,
leaves.
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Figure 2.3. (cont'd). E, subsp. revoluta, habit. F, subsp. leptophylla, leaves and flowers.
...cont'd

Figure 2.3. (cont'd). G, subsp. livens, habit and bagged with insect mesh for a
pollination experiment (see Chapter 8). H , subsp. livens, leaves.
...cont'd

Figure 2.3. (cont'd). I, subsp. caleyi, leaves, flowers and very young fruits. J, subsp.
budawangensis, leaves and fruits.
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Sieber 54,1823 (NSW 131504, ex BM).

2. P. mollis R. Br. subsp. maxima S. Krauss & L. Johnson
(Krauss and Johnson 1991:189)

HOLOTYPE: NEW SOUTH WALES: Central Coast: c. 700 m S of Ku-Ring-Gai Rd and
c. 100 m E of Sydney-Newcastle Freeway, Ku-ring-gai Chase National Park, 33°40' S
151°09' E, S. Krauss 206 & L. Howitt, 24 Mar 1990 (NSW 228176).

ISOTYPES: AD, B, BRI, CBG, K, MEL, MO, PERTH.

Tall, branching, spreading shrub 2-5 m high. Young stems villous with erect
coloured hairs. Leaves soft, narrow-lanceolate to lanceolate, acute, 6-12 cm long, 1-1.7
cm wide, sparsely-villous to villous on the undersurface when young, the hairs c. 2-3
m m long, erect, pale to copper-coloured, the midvein usually prominent, the margins
(minutely) recurved. Buds sparsely villous to villous, the hairs erect, copper-coloured,
c. 2.5-3 m m long. Figs 2.2, 2.3.

FLOWERING PERIOD: Late December to April.

HABITAT: In sheltered places, often along creek edges, in dry sclerophyll (
costata-Eucalyptus pilularis) forest with a shrubby scleromorphic understorey, on
shallow sandy soils derived from Hawkesbury Sandstone.

DISTRIBUTION: Restricted to the Hornsby-Asquith-Cowan/Bobbin Creeks area (F
2.1).

CONSERVATION STATUS: 2EC (using the coding system of Briggs and Leigh
(1988)).

NOTES: These plants occur extremely sporadically, and only very small popul
are currently known. This subspecies is geographically isolated from all others. It is
morphologically and geographically closest to P. mollis subsp. mollis, which occurs c.
50 k m to the west.
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SPECIMENS E X A M I N E D : N E W S O U T H W A L E S : Central Coast: Hornsby, Blakely,
Apr 1915 (NSW 21311); Cowan and Bobbin Creek, Blakely, Mar 1915 (NSW 21310);
Above gully SE of Asquith golf course, c. 100 m on track past end of old quarry,
33°42' S 151°06' E, Thomas NSW 180348, Feb 1986 (NSW, K, PERTH); Asquith, below
the waterfall, Blakely, 24 Feb 1918 (NSW 20921).

3. P. mollis R. Br. subsp. nectens S. Krauss & L. Johnson
(Krauss and Johnson 1991:191)

HOLOTYPE: NEW SOUTH WALES: Central Coast: 10R Fire Trail, c. 100 m W of
O'Hares Creek, 34°13' S 150°53' E, D. Keith 122,1 Apr 1984 (NSW).

Medium to tall, erect, spreading, branching shrub 1.2-3 m high. Young stems
villous with short, silky, spreading hairs. Leaves mesophyllous, malleable but not soft,
narrow-lanceolate, obtuse to subacute, 4-10 cm long, 0.8-1.5 c m wide, (sparsely) silkypubescent on the undersurface when young, the hairs short, c. 0.5 m m long, pale,
spreading, the midvein obscure to prominent, the margins (minutely) recurved. Buds
(sparsely) silky-pubescent, the hairs c. 0.5-1 m m long, pale. Figs 2.2, 2.3.

FLOWERING PERIOD: Late December to April (and sporadically until June).

HABITAT: Dry to wet sclerophyll eucalypt forest, in moist sheltered sites, o
soils derived from (Triassic) Hawkesbury sandstone,

DISTRIBUTION: South-west of Sydney, from Oakdale south to Hill Top, and eas
the Illawarra escarpment (Fig. 2.1).

CONSERVATION STATUS: not rare.

NOTES: North and south-west of Oakdale this subspecies may well intergrade
subsp. mollis, although more collections are needed from this area. Specimens from
the Hill Top area differ slightly from typical subsp. nectens specimens in being
slightly more pubescent. In this regard they approach subsp. mollis morphologically,
and perhaps should be regarded as somewhat intermediate between subsp. mollis and
subsp. nectens. For this treatment, however, they have been included in the concept of
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subsp. nectens. South-west of Mt Kembla, the boundary between subsp. nectens and
subsp. ledifolia is poorly represented, and more collections are needed from the Lake
Avon and Lake Nepean water catchment areas.

SELECTED SPECIMENS: NEW SOUTH WALES: Central Coast: Oakdale to
Burragorang Lookout, Johnson NSW 20928, 5 Sep 1951 (NSW); 2 k m ESE of Oakdale
CoUiery, Weston 422, 27 Sep 1984 (NSW); Loddon Falls, Rodway, 11 Aug 1935 (NSW
38769); Cataract Catchment area, 34°1-' S 150°4-' E, White 5095, 22 Oct 1927 (NSW, ex
BRI); Cataract River, Cheel, 10 Mar 1907 (NSW 21322); Sublime Point, near Bulli Pass,
C. Davis, Feb 1941 (NSW 38790); Mt. Keira, Cheel, 3 Mar 1912 (NSW 21323); Illawarra
district, Hamilton, Oct 1900 (NSW 21328); Wattle Ridge Rd, 4 k m N W of Hill Top Post
Office, 34°20' S 150°28' E Weston 433 & Dalby, 15 Jan 1985 (NSW); Wattle Ridge Rd, 2

k m N of Hill Top Post Office, 34°20' S 150°29'20" E, Weston 1040, Crisp & Kater, 6 Nov
1986 (NSW).

4. P. mollis R. Br. subsp. ledifolia (A. Cunn. ex Meisn.) S. Krauss & L. Jo
(Krauss and Johnson 1991:192)

BASIONYM: Persoonia ledifolia A. Cunn. ex Meisner (Meisner 1856: 339).

TYPE CITATION: "Illawarra, A. Cunningham."

LECTOTYPE: NEW SOUTH WALES: Illawarra, A. Cunningham (NY). Possible parts
of the type collection: The Mountains of Five Islands District Southward of the
Colony of N e w South Wales, A. Cunningham no. 17,1824 (K); Little Mountain near
Bullhi, Illawarra, A. Cunningham no. 17,1824 (K).

Persoonia revoluta Sieber ex Schultes & Schultes f. var. angustifolia Benth
1870: 398). LECTOTYPE: N E W S O U T H W A L E S : Hanging Rock, Argyle County,
McArthur (K, photo N S W ) . E X C L U D E D SYNTYPE: Blue Mountains, Atkinson (K,
photo N S W ) .

Linkia led folia (A. Cunn. ex Meisner) Kuntze (Kuntze 1891: 579)

Small to medium, erect, branching shrub 1-2.5 m high. Young stems silky-pub
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with short, pale, spreading hairs. Leaves malleable but not soft, linear-oblong to
oblong-lanceolate, sub-acute to acuminate to obtuse, 2.5-4 c m long, 0.3-0.6 m m wide,
(sparsely) silky-pubescent on the undersurface w h e n young, the hairs c. 0.7 m m long,
pale, spreading, the midvein obscure, the margins recurved to revolute. Buds
(sparsely) silky-pubescent, the hairs c. 0.4-1 m m long, pale. Figs 2.2, 2.3.

FLOWERING PERIOD: Late December to April.

HABITAT: Heath and dry sclerophyll eucalypt forest with a shrubby scleromorphic
understorey, on shallow sandy soils derived from (Triassic) Hawkesbury sandstone.

DISTRIBUTION: From the Robertson area south to the Shoulhaven River and west to
the Wingello/Penrose area (Fig. 2.1),

CONSERVATION STATUS: not rare.

NOTES: In the Penrose-Wingello area, P. mollis subsp. ledifolia intergrades with s
livens. These plants have narrow-oblong to linear leaves, morphologically
intermediate between the two subspecies. They seem to be confined to the same dry
sclerophyll eucalypt forest on Hawkesbury sandstone in which subsp. ledifolia is
found. P. mollis subsp. livens, however, does not occur on (Triassic) Hawkesbury
sandstone. Rather it is found on older (upper Ordovician) undifferentiated sediments.
This suggests that these intermediates have a closer affinity to subsp. ledifolia than to
subsp. livens.

This subspecies possibly also intergrades with subsp. nectens and subsp. revoluta
under these subspecies). In the southern extent of its range, subsp. ledifolia does not
seem to come into contact with subsp. leptophylla.

SELECTED SPECIMENS: NEW SOUTH WALES: Central Coast: Illawarra, Shepherd, ( N S W 21327); Top of ridge, Woodhill, 5 miles [9 k m ] from Berry, Rodway, 8 Jun 1930
( N S W 38783, K); Road from Cambewarra M t to Berry Mt, Maiden, Sep 1905 ( N S W
21326); Top of Kangaroo Mt, Cambage 1317, Sep 1905 (NSW). Central Tablelands:
Above Minnamurra Falls, Judd NSW

40160, 23 Apr 1954 (NSW); East Kangaloon, c. 3

k m N N W of Robertson, Coveny 931, 28 Feb 1969 (NSW); Robertson-Burrawang water
supply reserve, at the locked gate, 34°33' S 150°35' E, Weston 412, 8 Jul 1984 (NSW);
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Barren Grounds Nature Reserve, at the carpark, 34°40' S 150°47' E, Krauss 204,17 Feb
1990 (NSW, dups to be distributed); Jamberoo Mt, on mountain road to Robertson,
Rodd NSW 21325, 27 Jan 1950 (NSW, CBG); Fitzroy Falls, Garden NSW 21336, Feb 1950
(NSW); N E corner of E. Demuth's property (lot 167), Jamberoo Mountain Rd,
Carrington Falls, 34°37' S 150°40'40" E, Weston 1389 & Bishop, 7 Apr 1989 (NSW
214242); Carrington Falls, Constable NSW 32230, 22 Jan 1955 (NSW); Bundanoon,
Constable NSW

11357, 7 Jan 1950 (NSW).

P. mollis subsp. ledifolia x P. mollis subsp. livens (intergrades)

SPECIMENS EXAMINED: NEW SOUTH WALES: Central Tablelands: Sandy Creek,
15 k m (direct) S of Moss Vale (on Meryla side), 34°40' S 150°23' E, Johnson 8357,16
Oct 1977 (NSW); Garbutt's area, Meryla SF, McGillivray NSW 85109, 26 Feb 1959
(NSW); Penrose, Burgess CBG 025751, 8 Nov 1968 (NSW, ex CBG); Penrose, Constable
NSW 36569, 22 Jan 1956 (NSW); Wingello State Forest, Constable NSW 36565, 21 Jan
1956 (NSW); Goulburn-Bungonia, Moore 2738, 20 Oct 1953 (NSW); Goulburn district,
Moore, Feb 1865 (NSW 21525).

5. P. mollis R. Br. subsp. revoluta (Sieber ex Schult. & Schult. f) S. Krau
(Krauss and Johnson 1991:193)

BASIONYM: Persoonia revoluta Sieber ex Schultes & Schultes f. Schultes and
(1827: 272).

TYPE CITATION: Nova Hollandia, Sieber, FI. Nov. Holl. no.48, 1825.

LECTOTYPE: NEW SOUTH WALES: Nova Hollandia no. 48, Sieber, 1825 (B).
POSSIBLE ISOLECTOTYPE: Nova Hollandia no. 48, Sieber, (K, not seen).

Linkia revoluta (Sieber ex Schult. & Schult. f.) Kuntze (Kuntze 1891: 579).

Prostrate, spreading shrub, 10-50 cm high, up to 4 m diam. Leaves glossy-gr
pliable but not soft, almost fleshy, elliptical to oblong-ovate to oblong-lanceolate,
obtuse (to rarely acute), 2.5-4 cm long, 4-10 (-15) m m wide, sparsely silky-pubescent
to glabrous on the undersurface when young, the longest hairs c. 0.7 m m long, the
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midvein obscure or (rarely) prominent, the margins revolute. Buds sparsely silkypubescent to + glabrous, the hairs 0.3-1 m m long, pale. Figs 2.2, 2.3.

FLOWERING PERIOD: late December to early March (and then sporadically unti
April).

HABITAT: Dry sclerophyll eucalypt forest (E. sclerophylla) with a shrubby
scleromorphic understorey on deep grey-white sand (apparently not usually on
skeletal soils) over (Triassic) Hawkesbury Sandstone.

DISTRIBUTION: Occurs sporadically in a restricted area west of Mittagong
and south to Belanglo and Canyonleigh (Fig. 2.1).

CONSERVATION STATUS: 2Ri (here calculated according to the coding system
given in Briggs and Leigh (1988)).

NOTES: P. mollis subsp. revoluta borders three other P. mollis subspecies

nectens, subsp, ledifolia, and subsp. livens), with apparently narrow hybrid zones
these borders. The low, spreading habit and bright green foliage give subsp. revoluta
a very distinctive appearance, though it shares the general characters of P. mollis as
here treated.

SELECTED SPECIMENS: NEW SOUTH WALES: Central Tablelands: Mittagong,
Dixon, - (NSW 21335); Mittagong, Baker, Jan 1903 (NSW); Soapy Flat Rd, 3.3 k m N W
of Wombeyan Caves Rd, 34°23'40" S 150°20'50" E, Weston 1418 & Krauss, 18 Dec 1989
(NSW); Wombeyan Caves Rd, at junction of road to "Kanangra" property, 34°23' S
150°18' E, Krauss 237 & Johnson, 19 Apr 1990 (NSW); High Range, W of Mittagong,
Cosh, late 1972? (NSW 127932); Bullio, Burgess, 25 Feb 1962 (NSW 56996); near
Bungadilly, c l l miles [18 km] directly W N W of Berrima, McGillivray 1541,11 Dec
1965 (NSW); "Craigenbrae", c. 20 k m W of H u m e H w y on Canyonleigh Rd, Richards
128, Armstrong & Millar, 17 Feb 1990 (NSW).

6. P. mollis R. Br. subsp. leptophylla S. Krauss & L. Johnson
(Krauss and Johnson 1991:194)
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HOLOTYPE: N E W SOUTH WALES: Southern Tablelands: 5.8 km E of Tianjara Falls

on the Nowra to Nerriga road, 35°06' S 150°16' E, S. Krauss 205,17 Feb 1990 (NSW)

ISOTYPES: AD, B, BRI, CANB, CBG, CHR, DNA, HO, K, MEL, MO, NBG, PERT
RSA.

Persoonia linearis Andr. var. sericea Benth. (Bentham 1870: 397).
H O L O T Y P E : N E W S O U T H W A L E S : Shoalhaven River, C. Moore, M a y 1867 (K,
photo).

Small to medium-sized, erect, branching but compact shrubs 0.5-1.5 m high. Young
stems silky-pubescent. Leaves green, rigid, linear-filiform to linear, truncate to acute,
1.5-4 c m long, 0.8-2 m m broad, sparsely-villous to villous on the undersurface w h e n
young and often also w h e n mature, the hairs c. 0.7 m m long, pale-silky, closely
appressed to the leaf undersurface, the midvein obscure, the margins extremely
revolute to the extent that on dried specimens the undersurface is wholly or partly
obscured. Buds (sparsely) silky-pubescent, the hairs 0.3-1 m m long, weakly spreading.
Figs 2.2, 2.3.

FLOWERING PERIOD: Late December to May (and then sporadically until July).

HABITAT: Dry sclerophyll eucalypt forest with a dense scleromorphic shrubby
understorey, open eucalypt woodland with a scrubby or heathy understorey, and tall
and low (coastal) heath, on shallow sandy soils derived from N o w r a sandstone (and
apparently Conjola Formation sandstone on Beecroft Peninsula).

DISTRIBUTION: Southern Moreton National Park area, south of the Shoalhaven
River, east of Nerriga, north of the Budawangs, and west of Nowra, with a disjunct
occurence on Beecroft Peninsula (Fig, 2.1),

CONSERVATION STATUS: not rare.

NOTES: In the Jervis Bay area P. mollis subsp. leptophylla intergrades with subsp.
caleyi. The variation in this area can also be interpreted as being part of a greater (but
not uniform) cline in leaf length extending from the higher altitudes in the Sassafras
area to the coast at Jervis Bay and then south to Durras Lake. Morphologically, subsp.
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leptophylla leaves are shortest on those plants just west of Sassafras. They gradually
become longer with a drop in altitude towards Jervis Bay, although through this part
of the cline they remain as narrow as those at Sassafras (i.e. the undersurface of the
leaf is not visible on dried specimens due to the revolute margins, although on living
material they are not as inrolled). Extending south from Jervis Bay (subsp. caleyi), the
leaves continue to become longer, but also become broader, (i.e, undersurface of
leaves visible on dried specimens) such that at the southern extent of the range (c.
Lake Durras) the leaves are almost (narrow-) lanceolate. In this regard, the boundary
between these two subspecies appears somewhat arbitrary. The distinction drawn
here correlates with a distinction in the substrate (subsp. leptophylla is restricted to
Nowra sandstone, subsp. caleyi is found only on Conjola Formation sediments). Other
ecological factors such as habitat (vegetation) and rainfall possibly also correlate with
the distribution of these two subspecies, although these need to be further
investigated.

SELECTED SPECIMENS: NEW SOUTH WALES: Central Coast: 1.7 miles [2.8 km] W

alongfllarooRd, Nowra (N side of the river), 34°52' S 150°35' E, Coveny 3964 & Bisby,
10 Mar 1972 (NSW); Nowra Nth., Constable NSW

16436, 8 Dec 1950 (NSW); Burrier,

Shoalhaven River, L bank, Rodway, Feb 1923 (NSW 38756). South Coast: Nowra,
Rodway, 3 Mar 1934 (NSW 38755, K); Falls Creek, Rodway, Feb 1923 (NSW 38740); c.
1.5 k m from Currarong Rd along Lighthouse Rd to Pt Perpendicular, Beecroft
Peninsula, 35°02' S 150°49' E, Krauss 239, 7 M a y 1990 (NSW); 1 k m N E of Honeymoon
Bay on road to Lighthouse Rd, Beecroft Peninsula, 35°03' S 150°48' E, Krauss 241, 8
M a y 1990 (NSW); 1 k m from Lighthouse Rd on road to Beecroft Hill, Beecroft
Peninsula, 35°04' S 150°51' E, Krauss 244, 8 M a y 1990 (NSW); Nowra to Sassafras, c.
10 miles [17 km] S W of Nowra, Salasoo 3117, 9 Jan 1966 (NSW 90217); Tianjara Falls,
c. 35 k m S W of Nowra on Nowra-Nerriga road, 35°07' S 150°20' E, Krauss 212 &
Howitt, 7 Apr 1990 (NSW); 4 k m along Twelve Mile Rd from the Nowra-Nerriga

road, 35°09' S 150°21' E, Krauss 214 & Howitt, 7 Apr 1990 (NSW). Southern Tablelands:
Nerriga, between Nerriga and Towga above The Jumps, Walker 1145, Oct 1963 (NSW
69307, ex CANB); 2 miles S S W of Ettrema Trig., near Dogleg Ck, Ettrema Plateau,

Johnson & Briggs 3011, 15 Mar 1969 (NSW); Near Ettrema Ck, Olsen 2435, 28 Jan 1975
(NSW); M t Bulee, 7 miles [11 km] N E of Nerriga, Pigeon House Range, Constable
NSW

46253, 28 Oct 1957 (NSW); Nerriga, Nowra-Braidwood Rd, Boorman, Jan 1915

(NSW 20946); Nerriga-Braidwood Rd, E of Endrick River crossing, Blaxell 103, 8 Dec
1968 (NSW); Sassafras, 10 miles [17 km] N E of Nerriga, Constable NSW 53914, 9 Mar
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1961 (NSW); c. 17 miles E of Nerriga along Braidwood-Nowra Rd, 35°08' S 150°16' E,
Hartley 14272, 25 Mar 1975 (NSW, ex CANB).

7. P. mollis R. Br. subsp. livens S. Krauss & L. Johnson
(Krauss and Johnson 1991:195)

HOLOTYPE: NEW SOUTH WALES: Southern Tablelands: Lower Boro, 28 km N of
Braidwood, 35°10' S 149°16' E, P. Kodela 4076, Jan 1989 (NSW).

ISOTYPE: CBG.

Small to medium-sized, erect, branching but compact, obconical shrubs 0.5
high. Young stems silky-pubescent. Leaves grey-green, rigid, linear-filiform to linear,
truncate to acute, 1.5-3 cm long, 0.8-2 m m broad, densely villous on the undersurface
when young and often also when mature, the hairs pale-silky, c. 0.5 m m long, closely
appressed to the leaf undersurface, the midvein obscure, the margins extremely
revolute to the extent that on dried specimens the undersurface is wholly or partly
obscured. Buds silky-pubescent, the hairs c. 0.5 m m long, weakly spreading. Figs 2.2,
2.3,

FLOWERING PERIOD: Late December to March.

HABITAT: In dry sclerophyll eucalypt woodland with an open shrubby
scleromorphic understorey on pale sandy to stoney loams derived from (Ordovician?)
meta-sediments or conglomerate.

DISTRIBUTION: In an area roughly bounded by Penrose, Goulburn and Braidwoo
west of the Sydney Basin sandstones (Fig. 2.1).

CONSERVATION STATUS: not rare.

NOTES: In the Penrose-Wingello area this subspecies hybridises with subsp.
(see under the latter subspecies).

Along the western edge of the Budawang Range subsp. livens is parapatric w
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subsp. budawangensis. This boundary apparently correlates with a geological
boundary, although this needs to be confirmed. P. mollis subsp. budawangensis is
apparently restricted to (Upper Devonian) Merimbula Formation sandstone, whereas
subsp. livens occurs west of this formation. Three specimens housed at N S W ,
collected along this boundary, are morphologically intermediate between these two
subspecies. Although more collections are needed, it seems likely that a narrow
hybrid zone exists between the two.

SELECTED SPECIMENS: NEW SOUTH WALES: Central Tablelands: Hume Hwy,
Paddy's River Bridge, N E end of bridge on bank 50 m from bridge, 34°39' S 150°08' E,
Davies 424 & Mulcahy, 7 Dec 1987 (NSW ex CBG); Penrose, Blakely, 2 Oct 1938 (NSW
21519); Wingello, Boorman, Feb 1901 (NSW 21520); Wingello, Boorman, Aug 1899
(NSW 20944); Barbers Creek, Maiden, Dec 1899 (NSW 21522); Tallong, Forsyth, Jan
1900 ( N S W 21523). Southern Tablelands: Top of Governor's Hill, E side of Goulburn,

on H u m e H w y , Rodd 5425, Corbett & Wilson, 12 Apr 1986 (NSW, K); Goulburn, Moore,
Feb 1865 (NSW 21526); Tarago, Fragatt, Oct 1894 (NSW 21527); Church of Mayfield, c.
25 k m N of Braidwood, 35°13' S 149°18' E, Kodela, Jan 1989 (NSW 228133); Near Warri
Bridge, Shoalhaven River, 13 k m N N W of Braidwood, 35°20' S 149°44' E, Adams 2381,
7 Feb 1969 (NSW, ex C A N B , K, L); Charlies [Charleys] Forest near Braidwood,
Boorman, Mar 1909 (NSW 21517); Currockbilly Mt, near Braidwood, Boorman, Sep
1915 ( N S W 21516).

P. mollis subsp. budawangensis x P. mollis subsp. livens (intergrades)

SPECIMENS EXAMINED: NEW SOUTH WALES: Southern Tablelands: 15.6 km SW
of Nerriga on Nerriga-Braidwood road, c. 700 m N of Charleys Forest Rd, 35°14' S
150°02' E, Krauss 233 & Howitt, 9 Apr 1990 (NSW); c. 1 k m S of Nerriga-Braidwood
road on Charleys Forest Rd, 35°15' S 150°02' E, Krauss 232 & Howitt, 9 Apr 1990
(NSW); foot of M t Currockbilly, 50 miles S W of Nowra, Rodway, 29 Jan 1940 (NSW
38776).

8. P. mollis R. Br. subsp. caleyi (R. Br.) S. Krauss & L. Johnson
(Krauss and Johnson 1991:196)

BASIONYM: Persoonia caleyi R. Br. (R. Brown 1830: 13).
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LECTOTYPE: (Krauss and Johnson 1991:196) Jervis Bay, G. Caley, Mar 1801 (BM)!.

Unkia caleyi (R. Br.) Kuntze (Kuntze 1891: 579).

Medium to tall, erect, branching shrub 1.5-4 m high. Young stems silky-pube
Leaves + soft, linear-lanceolate to narrow-lanceolate, acute, 3-6 cm long, 0.2-0.6 cm
broad, (sparsely) silky-pubescent on the undersurface when young, the hairs pale,
spreading, up to c. 0.7 m m long, the midvein obscure, the margins recurved to
revolute. Buds sparsely silky-pubescent, the hairs c. 0.1-1 m m long, spreading. Figs
2.2, 2.3.

FLOWERING PERIOD: Late December to July (occasionally later).

HABITAT: Dry and wet sclerophyll forest with a shrubby scleromorphic or
mesomorphic understorey, on sandy soil derived from (Permian) Conjola Formation
sediments and Wandrawandian siltstone.

DISTRIBUTION: South Coast, south from Currumbene State Forest (Jervis Bay)
Durras Lake (Fig. 2.1).

CONSERVATION STATUS: Not rare.

NOTES: P. mollis subsp. caleyi intergrades with subsp. leptophylla along a
roughly from the Huskisson area extending south west to the Mt Tianjara area. This
hybrid zone appears to correlate to the geological division between Nowra sandstone
and Conjola Formation/Wandrawandian siltstone. However, more collections are
needed to clarify the situation. See also under subsp. leptophylla.

It is not known whether subsp. caleyi comes into contact with subsp. budaw
the area south of M t Tianjara, but it may do so. More collections are needed from this
area.

SELECTED SPECIMENS: NEW SOUTH WALES: South Coast: Currarong Rd, c. 2 km
E of Princes H w y , c. 8 k m SSE of Nowra, 34°58' S 150°37' E, Krauss 238, 7 M a y 1990
(NSW); Currarong Rd, 1.2 k m W of Coonemia Rd turnoff, c. 15 k m (direct) SE of
Nowra, 34°59' S 150°44' E, Krauss 245, 8 M a y 1990 (NSW); 3 miles [4.8 km] S W of

Jervis Bay by road on the Cave Beach Rd, 35°09' S 150°41' E, Coveny 3694,12 Oct 1971
(NSW); Jervis Bay, Maiden, Jul 1899 (NSW 20945); 1.2 k m along walking track from

Steamers Beach, Richards 114, Makinson, Porteners, Mackay & Gross, 18 Jun 1989 (
Sussex Inlet Heads, Maiden, Feb 1917 (NSW 21506); 10 k m N W of Milton, 35°16' S
150°21' E, Adams & Paijmans 3729, 25 Mar 1981 (NSW, ex CANB); Pigeon House Mt,
19 k m W of Ulladulla, Willis, 2 May 1982 (NSW, ex M E L 610807); Tibbourie, Milton
[=Tabourie], Cambage 3512, 28 Dec 1911 (NSW); S W outskirts of Ulladulla, at end of
Deering St, 35°23' S 150°28' E, Haegi 1768,10 Feb 1979 (NSW, K, PERTH); Between
Pretty Beach and Merry Beach (along power line track), Wrigley, 15 Apr 1968 (NSW,
ex C B G 024201); c. 3 k m W of Pebbly Beach on track to Princes H w y , Wheeler 43, 18
May 1975 (NSW, ex C B G 059054, L); Cockwhy Creek, South Brooman SF, 27.4 k m N
of Batemans Bay, Coveny 2920, 29 Jul 1970 (NSW).

9. P. mollis R. Br. subsp. budawangensis S. Krauss & L. Johnson
(Krauss and Johnson 1991:197)

HOLOTYPE: NEW SOUTH WALES: Southern Tablelands: c. 4 miles [7 km] SW of
Corang Peak, Budawang Range, Thomas G. Hartley 14236, 2 Feb 1974 (NSW).
ISOTYPE: C A N B (n.v,).

Small to medium, erect, branching shrub 1-2.5 m high. Young stems silky-pu
with short, pale, spreading hairs. Leaves malleable but not soft, linear-oblong to
oblong-lanceolate, subacute to acuminate to obtuse, 2-4 cm long, 0.3-0.6 m m wide,
silky-pubescent on the undersurface when young, the hairs c. 0,4 m m long, pale, the
midvein obscure, the margins recurved to revolute. Buds (sparsely) silky-pubescent,
the hairs 0.2-0.6 m m long, pale. Figs 2.2, 2.3.

FLOWERING PERIOD: Late December to early May,

HABITAT: Wet sclerophyll forest, open sclerophyll eucalypt forest, or euca
woodland, in exposed and sheltered sites on sandy soils derived from (Upper
Devonian) Merimbula Formation sandstone, from 500 to 1100 m altitude.

DISTRIBUTION: Endemic to the Budawang Range (Fig. 2.1).
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C O N S E R V A T I O N STATUS: Not rare.

NOTES: Although this subspecies strongly resembles subsp. led folia, it is
separate geographically (separated by a distance of at least 60 km, with subsp.
leptophylla occurring in the intervening area), and it is possible to distinguish it
morphologically from the latter (see key).

For discussion of intermediates see under P. mollis subsp. leptophylla, P
livens, and P. mollis subsp. caleyi.

SELECTED SPECIMENS: NEW SOUTH WALES: Southern Tablelands: Near Camp
Rock, Endrick SF, S W of Sassafras, Blaxell 87, 7 Dec 1968 (NSW); Sally Creek, near
Budawang Range, Olsen 823, 5 May 1968 (NSW); Valley of the Monoliths, 2 k m N of
summit of The Castle, c. 28 k m W S W of Milton, 35°15' S 150°11' E, Briggs 3542, 23
Apr 1972 (NSW); c. 2 k m W of M t Corang along track to "Wog Wog" station,

northern Budawang Range, c. 32 k m N E of Braidwood, 35°17' S 150°05' E, Pullen 4986
& Storey, 26 Sep 1973 (NSW); Bibbenluke Walls, northern Budawang Range, Olsen
990, 16 Feb 1969 (NSW 87957); Currockbilly Mtn, 14 miles [24 km] E N E of
Braidwood, Constable 6983, 15 May 1966 (NSW); Currockbilly M m near Braidwood,
Boorman, Mar 1909 (NSW 22012); Summit area of Mt Budawang, c. 10 miles [16 km]
ESE of Braidwood, Craven 685, 6 Dec 1965 (NSW, ex C A N B , B, BH, C H R , G, K, L,
M E L , US); O n the road to Mt Budawang, 0.3 k m from N P W S sign (in property),
Weston 91, 6 Dec 1979 (NSW, ex SYD); Monga or Sugarloaf Mt, near Braidwood,
Boorman, Mar 1909 (NSW 22010); Kings H w y , 11 miles [19 km] SE of Braidwood,
Adams 1923, 30 Jun 1967 (NSW, ex C A N B , K); Clyde Mtn, 10 miles [17 km] ESE of

Braidwood, Constable 6934,13 May 1966 (NSW); Braidwood to Batemans Bay, Salasoo
3761, 25 May 1970 (NSW).
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CHAPTER THREE: A MULTIVARIATE ANALYSIS OF GEOGRAPHIC
VARIATION IN M O R P H O L O G Y OF Persoonia mollis.

3.1 Introduction

An understanding of evolutionary processes at the infraspecific level, and ultimately
of speciation, requires the accurate characterisation of patterns of variation within
species (Gould and Johnston 1972; Thorpe 1976). Various levels of divergence within
species have been recognised and a number of different infraspecific categories, such
as subspecies, variety and forma have been applied (Hamilton and Reichard 1992).
However, there has been m u c h disagreement as to their use, and these terms have
been inconsistently used in the past (Stuessy 1990; Hamilton and Reichard 1992).
Despite attempts to differentiate between subspecies and variety, the two are largely
equivalent in practise (Hamilton and Reichard 1992), and I use the former.
Coincidently, given the current study, one of the first to use the concept of the
subspecies w a s Persoon (1805), w h o viewed them as variations hereditarily
determined as opposed to environmental or plastic modifications (Stuessy 1990).

Subspecies are usually defined on the basis of morphological differences in
combination with allopatry or parapatry (Key 1981) within a species (Hamilton and
Reichard 1992). Morphologically distinct but sympatric groups are probably
reproductively isolated and as such should be recognised as distinct species (e.g.
M a y r 1992). Pimentel (1959) attempted to introduce some objectivity into the
procedure for subspecies recognition through the 8 4 % rule. That is, subspecies are
defined if there is at least 8 4 % disjunction of one population from 8 4 % of the other
(Pimentel 1959). This protocol has been seldom used though, and, as with species
concepts (see Chapter 1; O'Hara 1993), a generally applicable subspecies concept m a y
also be inappropriate. However, phenetic distinctness and geographical non-overlap
remain the essence of the formal recognition of infraspecific variation, as well as a
source of ambiguity regarding questions of rank (i.e. species or subspecies).

The subspecies category has a long history of arbitrary use with little attention given
to the biological causes of variation within species (Pimentel 1959). For example,
Thorpe (1980) showed, through detailed multivariate analyses, that the "conventional"
approach to naming subspecies in some European reptiles w a s inadequate and failed
to refer adequately to levels of divergence. There is a danger in the conventional use
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of subspecies to section clines into artificial categories and to arbitrarily delimit
subspecies by physiographic features (Thorpe 1980). Multivariate morphometric
techniques (e.g. Thorpe 1976; James and McCulloch 1990) have the power to reveal
complex patterns of population differentiation which can then be related to
geographic divergence and evolutionary processes such as gene flow, selection and
genetic drift (Gould and Johnston 1972). Subspecies based on multivariate
morphometric analysis can reflect the major patterns of population differentiation.
First though, the phylogenetic integrity of morphologically diverse populations must
be s h o w n for studies of evolution within a lineage, and for the application of
infraspecific rank, to be conducted with confidence.

Operationally, subspecies are here defined as phenetic clusters, within a lineage, that
have geographical homogeneity and within which there is not a correlated pattern of
change with geography (i.e. cline (Endler 1977)) that is equivalent to the pattern of
change across the boundaries between parapatric subspecies (i.e. transition zones
(Barton and Hewitt 1985)). That is, if the rate of change along a cline is equivalent to
that across a transition zone, then the status of the subspecies as an evolutionary unit
must be questioned as the transition zone has been arbitrarily assigned. In this
situation, it would be more informative to recognise and accurately characterise the
clinal change rather than assign infraspecific categories arbitrarily (Gould and
Johnston 1972). That is, the purpose of recognising infraspecific taxa needs to be
clearly defined. Taxa need to be defined, or if appropriate clinal variation described,
so as to understand better the evolutionary processes at the population level such as
gene flow and selection that bring about diversity and, ultimately in s o m e situations,
speciation.

Krauss and Johnson (1991) identified Persoonia mollis as a morphologically complex,
yet clearly monophyletic, group within which nine subspecies were recognised (see
also Chapter 2), However, this revision lacked an objective justification of the
phenetic distinctness of these infraspecific taxa and of the patterns of variation within
and between these groups. The suggestion of clinal variation within the distribution
of m a n y of these subspecies, along with the extensive parapatry and geographical
continuity within the species (Krauss and Johnson 1991; Chapter two), indicates that
an objective analysis of the pattern of morphological variation is desirable. Therefore,
in this chapter I present the results of a multivariate morphometric analysis of P.
mollis herbarium specimens. The aim w a s to describe accurately and objectively the
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pattern of morphological variation and to assess the taxonomy of this complex
species by addressing whether the recognition of nine subspecies can be justified.

3.2 Materials and methods

3.2.2 Sampling

Eighty seven flowering specimens housed at the National Herbarium of New South
Wales were sampled such that each subspecies (as defined in Krauss and Johnson
1991 and in Chapter 2) was more or less equally represented from as wide a
geographic range as possible (Fig. 3.1). Sampling involved the measurement of
twenty-four characters incorporating size, shape and pubescence on vegetative and
floral parts (Table 3.1). A s the aim was to assess geographic variation, unwanted
noise from ontogenetic variation (i.e. variation due to growth and ageing (Thorpe
1983)) was avoided by sampling leaves,flowersand buds at equivalent
developmental stages on the inflorescence as follows. Size measurements were taken
from the final two leaves of the previous seasons growth. The distinction between
the current (flowering) and previous seasons growth is unambiguous in P. mollis as
the first leaves of the current season's growth are markedly smaller in size and
sometimes scale-like. Leaf pubescence often varies with leaf age, and older leaves are
usually less pubescent than n e w leaves. Therefore, leaf pubescence w a s measured on
leaves subtending the bud immediately above the most recent open flower. B u d and
flower characters were measured on these buds and flowers (i.e. the most recently
open flower and the next to open bud which are sequential on the inflorescence). For
each specimen, each characteristic is the m e a n of two leaves, buds or flowers.

3.2.2 Analyses

Numerous techniques exist for the phenetic analysis of geographic variation in
phenotypic characters (e.g. see Gould and Johnston 1972; Thorpe 1976; Pimentel 1981;
Thorpe 1983; James and McCulloch 1990; Crisp and Weston 1993 for reviews). I used
two ordination procedures: multi-dimensional scaling (both metric ( M M D S ) and nonmetric (NMDS)), and canonical variate analysis (CVA). The first procedure is an
ordination analysis of a single sample, the second an ordination analysis of several
samples. Multidimensional scaling has been shown to be superior for the analysis of
geographic variation to other less robust ordination techniques on single samples
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Figure 3.1. The location of collection of 87 flowering specimens of Persoonia mollis
that were measured and analysed for geographic variation in morphology.
Approximate boundaries between subspecies, as defined in chapter two (see Fig. 2.1)
and in Krauss and Johnson (1991), are indicated. These subspecies groups were a
priori groups for the C V A analysis. 1, subsp. mollis; 2, subsp. maxima; 3, subsp.
nectens; 4, subsp. ledfolia; 5, subsp. revoluta; 6, subsp. leptophylla; 7, subsp. livens; 8,
subsp. caleyi; 9, subsp. budawangensis.

Table 3.1. Morphological characters measured on 87 specimens of Persoonia mollis.

1. Leaf length from base to apex
2. Leaf length from base to widest point
3. Leaf width at widest point
4. Leaf recurvature width
5. Leaftipangle
6. Leaf (upper surface) pubescence density
7, Leaf (upper surface) pubescence length
8. Leaf (lower surface) pubescence density
9. Leaf (lower surface) pubescence length
10. Leaf pubescence length beyond apex
11. Bud length
12. Bud pubescence density
13. Bud pubescence length
14. Stipe length
15. Ovary length
16. Style and stigma length
17. Pedicel length
18. Pedicel width (maximum)
19. Tepal length
20. Tepaltiplength
21. Tepal width (at point of filament attachment)
22. Anther length
23. Filament length
24. Free filament length (i.e. portion not fused to tepal).

All lengths in m m . Leaftipangle in degrees. Pubescence densities in hairs/1.23
m m 2 at middle of leaf or bud. Pubescence length is longest hairs at middle of leaf or
bud.
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such as principal components analysis and principal coordinates analysis (e.g. Rohlf
1972; Pimentel 1981; Minchin 1987; Faith et al. 1987; Belbin 1993; although see Thorpe
1983 for an alternative view). Non-metric multidimensional scaling ( N M D S ) is robust
to nonlinearity between the data variables and the ordination space as only the rank
order of interobject distances is used (Kruskal and Wish 1978). Canonical variates
analysis ( C V A ) is a powerful and widely used ordination procedure because of its
ability to construct axes that maximise the between-group variation in relation to the
within-group variation (Thorpe 1983; James and McCulloch 1990). It is the
appropriate tool for data analysis w h e n simple separation of populations in a space
of reduced dimensions is the objective (Owen and Chmielewski 1985). Both
procedures are discussed in more detail below.

Multidimensional scaling is a class of techniques that aims to compute coordinates for
a set of points in space such that the distances between pairs of these points fit as
closely as possible to the measured dissimilarities between these individuals by either
m o n o tonic regression (non-metric M D S ) , or linear regression (metric M D S ) (Kruskal
1964; Kruskal and Wish 1978). The measure of association calculated w a s the G o w e r
metric (Gower 1971), which is the range-standardised form of the Manhatten distance,
using the P A T N package (Belbin 1993). The G o w e r metric appears to be the most
effective measure of association for continuous, taxonomic data as used here
(Pimentel 1981).

MDS assumes an initial configuration of objects in the user- selected number of
dimensions. It then successively refines the relative position of each object in an
iterative cycle such that, in the case of N M D S , the rank order of the inter-object
distances becomes ever closer to the rank order of true inter-object distances as
measured here by the G o w e r metric. The extent to which the two disagree is
reflected in a stress coefficient, where stress tends to zero w h e n the rank orders reach
perfect agreement. The stress value is affected by the number of dimensions used
(i.e. the more dimensions the lower the stress), as well as the nature of the original
association matrix (e.g. the more objects, usually the higher the stress).

One of the major limitations of NMDS is that of sub-optimal solutions. The final
stress will be dependent on the starting configuration, and the iterative procedure
m a y end in a local m i n i m u m rather than the global m i n i m u m . Consequently, at least
30 random starting configurations were run in an attempt to find the global
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m i n i m u m . To aid visualisation of the relative location of the subspecies within the
N M D S ordination, 9 5 % confidence ellipses around group means ( O w e n and
Chmielewski 1985) were drawn using S Y G R A P H (Wilkinson 1992). The ellipse
produced is centred on the sample means of the X and Y variables. Its major axes
are determined by the unbiased sample standard deviations of X and Y, and its
orientation is determined by the sample covariance between X and Y (Wilkinson
1992). The ordinations were rotated onto principal axes by varimax rotation using
the P C R program in P A T N (Belbin 1993).

A disadvantage of MDS is that the axes are not functions of the original variables
(James and McCulloch 1990). However, Belbin (1993) developed an algorithm termed
principal axis correlation (PCC) that fits a set of attributes to an ordination space
using multiple linear regression. P C C takes each variable and finds the location of its
best fit vector and its correlation with that vector. The correlation gives an indication
of the characters contributing most to the separation of groups in the ordination
space.

A multivariate test of the distinctness of the 9 subspecies (as defined in Chapter 2)
within the ordination space defined by the N M D S w a s done using a modification of
the A N O S P M algorithm of Clark and Green (1988) in P A T N (Belbin 1993). The
procedure involves Monte-Carlo type randomizations on the association matrix
followed by the calculation of a test statistic that compares the average dissimilarity
within groups (i.e. subspecies) to the average between group dissimilarity. The test
statistic w a s calculated for (a) 1000 randomised association matrices and compared to
(b) the test statistic for the "real" grouping (i.e. the 87 specimens classified into the 9
subspecies as defined in Chapter 2). The proportion of cases where (a)>=(b) w a s
calculated; if less than 0.05, it implies that the allocation of specimens to subspecies is
optimal in some sense (Belbin 1993).

Canonical variates analysis (CVA) is a linear ordination technique that is frequentiy
used in systematics to differentiate a m o n g groups (Fisher 1936; Campbell and Atchley
1981; O w e n and Chmielewski 1985; James and McCulloch 1990). In a C V A , linear
combinations of the original variables are determined in such a w a y that the
differences between a number of reference groups are maximised relative to the
variation within groups (Campbell and Atchley 1981). The coefficients of the linear
combination which maximises the ratio of the between- to within-groups variance
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defines the axes or canonical vectors (Campbell and Atchley 1981).

The procedure was clearly explained by Joliceur (1959), from which the following was
taken. Consider the case of two groups and two characters. Neither character alone
distinguishes between these two groups (Fig. 3.2). However, a third axis (the
canonical vector) can be constructed by linearly combining and weighting the
variables that clearly distinguishes between the two groups to give a single variable
K, where K = a X + b Y , and a and b are weightings for characters X and Y respectively.
This discriminant function corresponds to the projection of the graph upon axis K
(the canonical vector) and frequency histograms of the two samples (black and white
frequency bars) along this axis are completely separated. The extension to three
groups and three characters, where each character considered one by one or two by
two would not show up the differences between groups, is clearcut. T w o canonical
vectors are required with the discriminant functions K^ajX+bjY+CjZ, and
K 2 =a 2 X+b2Y+c 2 Z for the optimal two dimensional representation of between-group
differences (Fig. 3,3). However, it is the joint study of four or more characters where
the efficiency of C V A is unequalled (Jolicoeur 1959).

Although CVA does not formally require any assumptions, it performs optimally for
multivariate normal data and w h e n variance-covariance matrices are equal in each
group (James and McCulloch 1990). It has been proven to be very robust to
departures from homogeneity, and although heteroscedasticity weakens the analysis,
it doesn't invalidate it (e.g. Klecka 1978; Krzanowski 1977; H a n d 1983; Tabachnick
and Fidell 1989). Multivariate normality is required only if statistical tests are to be
m a d e , but is not required as an assumption for C V A w h e n used as an ordination
procedure (Pimentel 1981).

All 87 specimens sampled were classified into one of nine groups according to the
key to subspecies in Krauss and Johnson (1991) and in Chapter 2. These nine groups
were analysed by C V A , and all 87 individuals were plotted onto the first two
canonical vectors. Confidence levels around observed groups are shown by the use
of 9 5 % confidence ellipses (Owen and Chmielewski 1985) around both the spread and
m e a n of each group, calculated using S Y G R A P H (Wilkinson 1992). These confidence
ellipses are analagous to the standard deviation and standard error respectively
(Wilkinson 1992).

Figure 3.2. The projection of two groups (open circles and closed circles) onto two
axes (X and Y), each representing a measured variable. Note that neither axis alone
can clearly distinguish between these two groups. However, a third axis (the
canonical vector) can be constructed by linearly combining and weighting the two
variables that clearly distinguishes between these two groups (after Jolicouer 1959).
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representing a measured variable, and each unable to clearly distinguish between
these three groups. T w o axes (the canonical vectors) can be constructed by linearly
combining and weighting the three variables that then clearly distinguishes between
these three groups (after Jolicouer 1959).
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To test whether the degree of discrimination in the C V A could be detected in a data
set derived by chance alone, these data were subject to a randomization test (Solow
1990; Crowley, 1992). All 87 specimens were each randomly assigned to one of nine
groups. The n e w data set w a s then analysed by C V A , and the cross-validation
estimator p c estimated (Solow 1990). This estimator measures the proportion of
individuals that are misclassified. Resampling w a s performed 500 times, each with a
different random permutation. This randomization procedure assesses the
significance of the estimated misclassification probability in discriminant analysis by
comparing the proportion of individuals that have been misclassified in the original
data set to the proportion misclassified in each random data set.

I then followed DuPraw's (1964) procedure of increasing the resolving power of the
C V A by eliminating the extreme group (s) as defined on the first two canonical
vectors from the initial analysis, and running the C V A on the remaining weakly
differentiated cluster. Ultimately, to maximise the resolving power of the C V A ,
analyses were performed separately on various groups of three subspecies.
Subspecies were chosen for these analyses on the basis of phenetic similarity from the
original C V A , as well as those that are geographically adjacent.

The extent of change in morphology through the range of a subspecies relative to the
extent of change across subspecies boundaries w a s investigated. Canonical variates
were plotted against the latitude or longitude (as appropriate depending on the
direction of the transect) of each individual for six pairs of parapatric subspecies.
Canonical variates were taken from the appropriate C V A on three subspecies as
described above. A locally weighted scatterplot smoothing ( L O W E S S ) w a s drawn
through these points using S Y G R A P H (Wilkinson 1992). L O W E S S (Cleveland 1979,
1981) produces a line of best fit by running along the x values and finding predicted
values from a weighted average of nearby y values (Wilkinson 1992). If the change
within the geographic range of a subspecies is equivalent to that across the boundary
between proposed subspecies (i.e. equivalent slope), then formal taxonomic
recognition m a y well be questionable.

3.3 Results

The metric and non-metric MDS ordinations of all 87 specimens in 2 dimensions
produced very similar configurations (Fig. 3.4a and b). The stress for the N M D S in 2

dimensions (0.173) w a s smaller than the stress for the M M D S (0.241), which is not
unexpected (Kruskal and Wish 1978). These stress values, however, indicate a poor
fit of the euclidean distances between points representing individuals in the two
dimensional ordination compared to the original distances between each individual
as estimated by the G o w e r metric (Kruskal 1964). Increasing the ordination to three
dimensions decreases the stress on the N M D S ordination to 0.133, which is still a
poor fit between the ordination and the original distances. However, there w a s still
strong support for the phenetic distinctness of the groups as defined in Chapter 2 on
this plot from the A N O S I M randomization test as from 1000 random permutations,
none had a higher ratio of average between group dissimilarity over average within
group dissimilarity ( B / W ratio = 1.324 for the true group definition; m a x i m u m B / W
ratio for all permutations = 1.062).

Both MDS configurations show an overlap of the subsps. ledfolia, caleyi, budawangensis
and revoluta (ellipses 4, 8, 9, and 5 respectively; Fig 3.4) in the middle of the
scatterplot. The subspecies leptophylla and livens (ellipses 6 and 7) overlap with each
other but are separated from all other groups. Each of the remaining subspecies (i.e.
nectens, mollis and maxima; ellipses 3,1, and 2) are separated from all others according
to the plot of 9 5 % confidence ellipses around the group means. The characters
contributing most to this separation of groups, and their principal axis correlation
coefficients were leaf length (0.882), leaf length from base to widest point (0.869), leaf
width (0.839), bud pubescence length (0.806), bud pubescence density (0.581), leaf
pubescence length beyond the apex (0.735). Overall there is a strong concordance
between phenetic similarity (i.e. location on the scatterplot) and geographic location
of each subspecies. For example, the placement of the subsps. maxima, mollis, nectens,
revoluta and ledfolia on the scatterplot follows the geographic distribution of these
subspecies closely, and suggests a cline. However, further analysis of phenetically
overlapping groups on the scatterplot that are geographically disjunct suggests a
limitation of the ordination procedure rather than accurately reflecting the pattern of
morphological divergence. For example, although subsps. livens and leptophylla are
completely overlapping and are distinct from all other groups in the original
ordination, they are clearly distinguishable in an N M D S on just these two groups
(Fig. 3.5). Consequently, w h e n the variation is complex and a number of phenetically
distinct groups exist, ordination procedures on a single sample such as M D S are poor
at resolving the patterns present. The stress for the N M D S on these two subspecies
alone w a s 0.239, again indicating a poor fit.

Figure 3.4. Scatter diagrams from M D S ordinations of all 87 sampled specimens of
Persoonia mollis: a. non-metric M D S , b. metric M D S . Specimens, allocated to
subspecies as defined in chapter two and in Krauss and Johnson (1991), are
represented by 9 5 % confidence ellipses around group means. N u m b e r s refer to
subspecies as in Fig. 3.1.

Figure 3.5. Scatter diagram from the M D S ordination of 22 specimens of Persoonia
mollis subsps. leptophylla and livens only. Note the separation of the 9 5 % confidence
ellipses around the group means between these two groups here compared to the
lack of separation in Fig. 3.4 (i.e. ellipses 6 and 7).
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Plotting all 87 specimens on the first two canonical vectors from the C V A on 9
groups reveals a similar configuration but a greater separation of group means (Fig.
3.6a,c,d) compared to the M D S plots. The similarity in results from the non-linear
methods of N M D S and the linear methods of M M D S and C V A suggests that nonlinearity is not a problem in this data set. S h o w n are scatterplots of individual points
(Fig. 3.6a), as well as the location of each subspecies within the first two axes as
represented by 9 5 % confidence ellipses around the spread of points (Fig. 3.6c), as well
as around the group m e a n (Fig. 3.6d). There is support for the morphological
distinctness of subsp. maxima (ellipse 2) from all others because of the non-overlap of
the 9 5 % confidence ellipses around groups (Fig 3.6c). The direction and relative
magnitude of each of the 24 characters to the C V A plot indicates that the characters
bud pubescence length and leaf pubescence beyond the apex are the most important
in distinguishing subsp. maxima from all others (Fig. 3.6b).

Only one out of 87 individuals in the original data set were misclassified by the
resulting discriminant function (1.1%). In 500 randomizations, between 1 3 % and 4 3 %
were misclassified (Fig. 3.7). This result indicates that it is extremely unlikely
(P<0.002) that the extremely low misclassification from the original data set (1.1%)
w a s due to chance alone. This indicates that there is significant non-random
structure in the data, and supports the morphological distinctness of these nine
subspecies.

Having utilised the stepwise procedure and removed the phenetically distinct subsp.
maxima, the subsequent C V A on all groups except subsp. maxima indicated the
phenetic distinctness of subsp. mollis (ellipse 1) from all others (Fig. 3,8a,c,d), with
only marginal overlap of the 9 5 % confidence ellipse around the spread of points with
that of subsp. nectens (Fig. 3.8c). The two "arms" of the scatterplot along the second
canonical vector correspond to subsp, mollis on the right, and subsps. livens (ellipse 7)
and leptophylla (ellipse 6) on the left. The characters best distinguishing subsp, mollis
from all others were leaf length, bud pubescence length, and leaf pubescence length
beyond the apex (Fig. 3.8b).

When the resolving power of the CVA in two dimensions is maximised by restricting
the analysis to three groups (and therefore two canonical vectors), a clear and
significant resolution can be seen for each subspecies from every other subspecies as
defined in Chapter 2 (Fig. 3.9a-l). This result w a s obtained for C V A ' s on phenetically
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individuals of Persoonia mollis from 9 groups as defined in Fig. 3.1. a. scatterplot; b.
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for groups 2 (subsp. maxima) and 1 (subsp. mollis) only are shown in (c) and (d) for
comparison.

r 150

0.25

tr

02

- 100

°

<

o
o

w 0.15

c:

o
50

cE 0,10
O
Q_

O
DC

^ 0.05
0.6

0.8

1.0

proportion misclassified

Figure 3.7. Histogram of the proportion of misclassified individuals following C V A

on 500 randomizations of the original data set. This compares to the proporti
misclassified in the original data set of 0.011.

«
:

•

*

• * * .
•

•
.• •

\

t

a
•10

15

-1
-0.66

1.00

Figure 3.8. Plot of the first 2 canonical vectors following C V A on 82 individuals of
Persoonia mollis from 8 groups as defined in Fig. 3.1 (i.e. subsp. maxima (ellipse # 2
in Fig. 3.6) has been dropped from the analysis), a. scatterplot; b. the direction and
magnitude of each character (character numbers as in Table 3.1); c. 9 5 % confidence
ellipses around group spreads; d. 9 5 % confidence ellipses around group means
(group numbers as for Fig. 3.1). The scatter of points for groups 1 (subsp. mollis)
and 3 (subsp, nectens) only are shown in (c) and (d) for comparison,
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Figure 3.9. Scatter diagrams with 9 5 % confidence ellipses around each group m e a n
(inner ellipse) and spread (outer ellipse) of each subspecies following C V A on
groups of three subspecies of Persoonia mollis (as defined in Fig. 3.1), as well as plots
of the direction and magnitude of each character for each plot (character numbers
as in Table 3.1): a and b. subsps. ledfolia, caleyi and budawangensis; c and d. subsps.
ledfolia, leptophylla and livens; e and f. subsps. nectens, revoluta and budawangensis.
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Figure 3.9 (cont'd), g and h. subsps. leptophylla, budawangensis and caleyi; i and j.
subsps. mollis, nectens and revoluta; k and 1. subsps. revoluta, leptophylla and livens.
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similar subspecies (Fig. 3.9 a-f) as well as geographically adjacent subspecies (Fig. 3.9
g-1). For example, consider subsps, ledfolia, caleyi and budawangensis (ellipses 4,8 and
9 respectively) that are unresolved on the first two canonical vectors in the original
C V A ' s (Figs. 3.6, 3.8). The C V A on these three groups alone produces a clear and
significant resolution between these subspecies (Fig. 3.9a). The characters
contributing most to the recognition of subsp. caleyi (ellipse 8) from both subsps.
ledfolia and budawangensis are tepal length and leaf pubescence density (Fig. 3.9b).
The characters contributing most to the recognition of subsp. ledfolia (ellipse 4) from
both subsps. caleyi and budawangensis are leaf length to widest point (indicating a
slightly different leaf shape), leaf length and anther length (Fig. 3.9b). The characters
contributing most to the recognition of subsp. budawangensis (ellipse 9) from both
subsps. caleyi and ledfolia are tepal length and pedicel length and width (Fig. 3.9b),

The extent of phenotypic change within and across the boundary of parapatric
subspecies w a s revealed by plotting canonical variates from the appropriate C V A (see
Fig. 3.9) against either a latitude or longitude transect as s h o w n in Fig. 3.10. In each
of six subspecies pairs considered, there is a striking lack of clinality within a
subspecies with a sharp transition between subspecies (Fig. 3.11).

3.4 Discussion

The geographic variation in morphology within Persoonia mollis has been shown to be
striking, and can be best described as a mosaic of nine recognisably distinct allopatric
or parapatric taxa, where narrow zones of morphological transition separate
neighbouring taxa. These results indicated strong support for the hierarchical
structure within P. mollis as proposed in Chapter 2 and in Krauss and Johnson (1991).
That is not to say that these groups m a y not be further resolved. Indeed, the
outcomes of the stepwise procedures utilised here suggest that this m a y well be
likely. However, these analyses have clearly s h o w n that at least nine phenetically
distinct, internally homogeneous, groups are recognisable. These analyses also
highlighted the nature and location of pronounced transition zones between all
neighbouring subspecies, relative to the variation within the geographic range of a
subspecies. In some cases these neighbouring subspecies are k n o w n to be parapatric

(e.g. subsps. revoluta-livens; subsps. revoluta-ledfolia; subsps. leptophylla-caleyi; subsps.
leptophylla-budawangensis). Elsewhere, there is a k n o w n disjunction (e.g. subsps.
ledfolia-leptophylla; subsps. budawangensis-caleyi). In s o m e cases, the boundaries are
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Figure 3.11. Scatterplot of canonical variate score (from first or second canonical
vector from Fig. 3.9) against either latitude or longitude along transects as s h o w n in
Fig. 3.10. Different symbols represent different subspecies, a. subsps. revolutanectens; b. subsps. revoluta-livens; c. subsps. livens-leptophylla; d. subsps. ledfolialeptophylla; e. subsps. leptophylla-budawangensis; f. subsps. leptophylla-caleyi.
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poorly k n o w n (e.g. subsps. mollis-nectens; subsps. livens-budawangensis).

Plots of canonical variates against a number of transects through and across
subspecies distributions (Fig. 3.11) indicated an absence of clinal variation within the
range of subspecies. This result w a s initially surprising because consideration of
individual characters revealed some clear clinal trends (e.g. leaf length within and
between subsps. leptophylla and caleyi: see Chapter 2). In contrast, the simultaneous
consideration of a suite of morphological characters by multivariate statistical
analyses revealed here a pattern of geographic homogeneity within subspecies and
heterogeneity a m o n g subspecies. Therefore, the distinctions between these nine
allopatric and parapatric subspecies are not arbitrarily drawn (cf. Thorpe 1980), and
these taxa are justifiably recognised from patterns of morphological variation. These
results support the warnings of others (e.g. Willig et al. 1986) about overinterpretation of continuous patterns of variation at one morphological character.

Although the MDS and CVA ordinations produced similar configurations, CVA was
m u c h more successful at resolving the distinctions between the phenetically distinct
groups. This w a s not surprising as C V A locates and defines the vectors that
maximise the distinction between groups. However, an indication of the inability of
the M D S to achieve the resolving power of the C V A is given in the poor stress
values, which indicated a poor representation of the original data into two
dimensions. Reducing the number of individuals from 87 to 22 did not reduce the
stress, and the fit remained poor. A s long as the number of individuals is at least
four times the number of dimensions used in the M D S , a reduction in stress is not
necessarily expected (Kruskal and Wish 1978). However, reducing the data set to
these 22 individuals and analysing by M D S did resolve two groups (subsps.
leptophylla and livens) which were unresolved in the original ordination, further
indicating a lack of power of the M D S to resolve complex patterns of variation, and
further suggesting that the C V A ordination gives a more accurate representation of
the phenetic relationships a m o n g groups.

Although support for the phenetic distinctness of the nine groups as defined by
Krauss and Johnson (1991) w a s found here, the question of rank remains unresolved
by these phenetic analyses alone. The application of taxon status is not
straightforward because there are no universally recognised criteria. M a y r (1992)
argues that questions of rank of geographically and morphologically distinct
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populations are largely irrelevant to "evolutionists" (presumably for the analysis of
evolutionary processes). However, it seems that if the principal point of interest is
h o w speciation occurs, then a knowledge of whether it has occurred is essential. This
obviously gets more difficult with increasing proximity to a speciation event.
Conversely, it is these situations that allow us to best investigate the processes
involved in speciation. Kluge (1990) argues that subspecies can be distinguished
from species, at least theoretically, because the former are actively involved in
evolutionary processes such as gene flow with other m e m b e r s of the species, whilst
species are not involved in these processes with other species - they are effects not
effectors. However, the extent of cohesive processes such as gene flow cannot
necessarily be reliably inferred from phenetic pattern. That is, phenotypic
differentiation can evolve independently of gene flow if natural selection is strong
enough to counter the homogenising effects of gene flow (Endler 1973, 1977; Barton
and Clark 1990). The extent of gene flow within P. mollis is addressed in detail in
subsequent chapters.

Problems with the use of phenetic distinctness as a sole criterion for the recognition
of rank are highlighted by consideration of the operational approach to species
classification of D o y e n and Slobodchikoff (1974), w h o suggested merely that
phenetically distinct groups should be regarded as different species (see also Stuessy
1990). This is clearly unrealistic as with enough resolution individual populations
and even individuals can be recognised as being phenetically distinct. Although
these observations highlight the difficulty of making taxonomic decisions of rank on
purely phenetic grounds, the geographically disjunct subsp. maxima is phenetically
the most distinctive taxon within P. mollis sens, lat and m a y warrant recognition as a
species on purely phenetic grounds. However, all other taxa, although phenetically
distinct, appear best recognised as subspecies on the grounds of perceived
involvement in current cohesive processes (Templeton 1989; Kluge 1990) and this is
discussed further in subsequent chapters.

In the absence of further experimentation, it is important not to over-interpret
exploratory data analysis and assign cause (James and McCulloch 1990). However,
some inferences can be m a d e at this stage, although confirmatory studies are required
to assess any inference from preliminary morphometric studies such as this one. The
lack of perceived clinal variation in morphology within all subspecies, where the
pattern of change w a s characterised along a transect of longitude or latitude, suggests
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that restricted gene flow and an isolation by distance model of evolution (Wright
1943, 1946) is not a major influence on morphological structure.

A strong correlation between the distribution of P. mollis subspecies and geology,
which w a s alluded to in Chapter 2, suggests a stronger influence on the patterns of
morphological diversity within P. mollis. For example, subsp. budawangensis is
apparently restricted to Upper Devonian Merimbula Formation substrates along the
B u d a w a n g Range; subsp. livens occurs only on m u c h older Ordovician sediments
west of the Budawangs and south-west of the Sydney Basin. The other two southern
subspecies are found on Permian sandstones; subsp. caleyi on Wandrawandian
siltstone; subsp. leptophylla on N o w r a sandstone. All others (subsps. revoluta, ledfolia,
nectens, mollis, and maxima) occur on Triassic Hawkesbury sandstone, although subsp.
revoluta can be distinguished as it is found primarily on relatively deep sandy soils on
the edge of the Sydney Basin. Further, the morphological transition zones between
subspecies correspond closely with geological transition zones. Consequently, where
parapatric, these subspecies appear to be examples of ecological parapatry (Key 1981)
at ecotones (Endler 1977). Ecological parapatry describes the situation where the
restriction of interpenetration results primarily from a sharp ecological interface
between the habitats of two populations, whilst in hybridisation parapatry the
restriction of interpenetration results primarily from the populations mating more or
less freely with each other, but leaving no fertile progeny, or leaving progeny of
reduced fertility (Key 1981). According to M a y r (1970), the impinging populations in
ecological parapatry are typically species with pre-mating reproductive isolation.
This interpretation is clearly dependent on the biological species concept, and does
not reflect the situation within P. mollis. For example, a sharp ecotone is found at the
transition zone between P. mollis subsps. livens and revoluta. However, both direct
and indirect measures of gene flow (Chapter 8) indicate that there are no
reproductive barriers between these parapatric populations. This is discussed further
in Chapter 8.

A correlation between geographic variation in morphology and environmental
factors, in this case primarily geology, is the most c o m m o n method for inferring the
importance of natural selection on the observed patterns of variation (Endler 1986).
By itself, though, a correlation is inconclusive evidence for selection, and other
support is required. The importance of natural selection in affecting the observed
patterns of morphological differentiation within P. mollis is addressed further in
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subsequent chapters.

M a n y transition zones exhibit karyotypic and allozymic differences (Key 1981; Barton
and Hewitt 1985). Although not directly investigated, there is no reason to suspect
karyological differences between P. mollis subspecies as the chromosome number
within the genus is uniformly n=7 (Johnson and Briggs 1981). Further, allozyme data
(Chapter 6) do not indicate ploidy differences.
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CHAPTER FOUR: PREFERENTIAL OUTCROSSING IN Persoonia mollis.

4.1 Introduction

Morphological diversity within a species can be brought about by a restriction in
gene flow (Ehrlich and Raven 1969; Levin 1981; Slatkin 1985a, 1987; Templeton 1989).
Within populations of plants, pollen flow is the major component of gene flow (Levin
and Kerster 1974). Pollen flow is affected b y both ecological variables (e.g. the
abundance and m o v e m e n t of pollinators), as well as intrinsic genetic determinants
(e.g. post-pollination events affecting fertilization) (Levin 1981; Willson and Burley
1984; Wyatt 1983; Waser 1993). The breeding system of plants is one such intrinsic
variable that determines the potential for pollen flow via the relative success of
outcross-pollen over self-pollen. A maternal preference for outcross pollen will
promote gene flow via pollen and outbreeding, assuming pollen dispersal (Levin and
Kerster 1974).

Is a high potential for selfing within the extremely variable species Persoonia mollis
(Proteaceae) part of the explanation of the diversity via a restriction in gene flow?
Nine allopatric and parapatric subspecies are recognised (Krauss and Johnson 1991;
Chapter 2), with transition zones of various widths (from tens of metres to tens of
kilometres) between subspecies (Chapters 3 and 8). I measured fruit quantity and
quality following pollination manipulations in an undisturbed field population. The
manipulations involved outcross and self pollinations, as well as an
autogamy/apomixis treatment, with controls for bagging and pollination. The aim
w a s firstly to ascertain the preference for outcross-pollen over self-pollen, and to
address the implications for restricted gene flow as an explanation for the
morphological divergence within P. mollis. Estimation of the actual a m o u n t of selfing
is dealt with elsewhere (Krauss 1994b; Chapter 5).

Preferential outcrossing occurs when outcross male gametes have a higher probability
of successful seed production than selfs. Preferential outcrossing can involve (i) selfincompatibility restricted to pre-fertilisation interactions that inhibit pollen tube
growth either o n the stigma or within the style (de Nettancourt 1977), (ii) late-acting
self-incompatibility operating in the ovary either before or after fertilization (Seavey
and B a w a 1986), or (iii) early acting inbreeding depression (Wiens 1984; Wiens et al.
1989). There is also increasing evidence in angiosperms for late-acting maternal
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"choice" of male gametophyte beyond the simple rejection of self pollen (Bookman
1984; Stephenson and Winsor 1986; Griffen et al. 1987; Kenrick and K n o x 1989; Waser
1993). I investigated the mechanism that preferentially selects for outcross pollen by
firstly measuring flower to fruit demography, and particularly flower abscission,
following self- and cross-pollination manipulations, and secondly by observing pollen
tube growth within the carpel following self- and outcross-pollination manipulations.
The aim w a s to characterise the m o d e of control over selective fruit abortion, and to
assess the importance of post-zygotic maternal choice as a mechanism of breeding
system control.

4.2 Materials and methods

4.2.1 The study plant

Persoonia mollis flowers are solitary in the axils of foliage leaves along elongated
primary axes usually extending m a n y tens of centimetres. They are hermaphroditic,
c. 10 m m long, with four stamens that are adnate to the bright yellow tepals. The
stigma almost always projects just beyond the anthers, and there is no pollen
presenter. The ovary contains 2 ovules but rarely is more than one seed found in the
drupe. The anthers dehisce just prior to anthesis, but it is not k n o w n whether the
flowers are protandrous. The stigmas appear receptive for u p to five days in the
wild, and there m a y be overlap between stigma receptivity and pollen viability.
However, this is not necessarily required for self-pollination as individual plants
often possess hundreds of flowers at any one time and intra-plant m o v e m e n t of
pollinators (i.e. bees (Michener 1973)) is extremely c o m m o n (pers. obs.). About five
days after anthesis, the stigma turns brown and the tepals and anthers b r o w n and
drop off to leave the gynoecium intact.

4.2.2 Pollination treatments

Fifteen mature plants of approximately equal age were arbitrarily selected in a
natural population of hundreds of plants at M u r p h y s Glen, Blue Mountains National
Park, c. 80 k m W of Sydney, N S W , Australia. These plants were randomly assigned
to one of five pollination treatments:
(i) bagged and self-pollinated;
(ii) bagged and cross-pollinated;
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(iii) bagged and untouched (test for autogamy/apomixis);
(iv) unbagged and untouched (natural pollination); and
(v) bagged but with large holes cut into the m e s h to presumably allow for pollinator
m o v e m e n t (= a control for effect of bagging).
There were three plants per treatment and three replicate baggings per plant.

Bags were constructed of black fibre-glass insect mesh (2x2 mm) to exclude
pollinators. Flowering branches were bagged (where appropriate) at the
commencement of the flowering season (March 9,1991), and the total number of
flowers per replicate were counted. The m e a n number of flowers per replicate w a s
76, and the total number of flowers involved w a s 3420.

Flowers were pollinated (treatments (i) and (ii)) as they opened until the end of the
flowering season. Persoonia flowers open sequentially from the inflorescence base
towards the apex. Pollinating occurred on average twice a w e e k during peak
flowering, and involved the rubbing of a newly dehisced, randomly chosen anther
(from the appropriate treatment) onto the stigma of the receptive flower. Anthers
open by longitudinal slits just prior to anthesis, I used anthers taken only from floral
buds just about to open, thus there is no possible source of contamination by foreign
pollen via pollinator visits. Outcross treatment pollen donors were arbitrarily chosen
from between 5 to 20 metres from the pollen receiver. Allozyme data indicate that
these individuals are genetically distinct (Chapter 5). Mature fruits (drupes) were
collected, counted and weighed on N o v e m b e r 22,1991. A s two seeded fruits are
rare, fruit counts approximate seed counts very closely.

4.2.3 Fruit set

Percentage fruit set (relative to the total number of flowers per replicate) was
analyzed by a 2-factor nested A N O V A (factor 1 = pollination treatment with 5 levels,
factor 2 = plant, nested within treatment with 3 levels), followed by Tukey tests
(Winer 1970; Wilkinson 1992). Homogeneity of variances w a s tested using Cochran's
test (Wilkinson 1992). To assess the effect of plant on fruit set, percentage fruit set
following natural pollination w a s measured the following year (1992) for all 15 plants
used in the pollination manipulation experiment. The statistical design and analysis
w a s as above, although no manipulations were applied.
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4.2.4 Fruit weight

Seed quality w a s assessed by fruit weight. Firstly, fruit weight a m o n g pollination
treatments w a s analyzed by a single factor unbalanced A N O V A , followed by a
Tukey-Kramer test (Winer 1970; Wilkinson 1992). A Tukey-Kramer test is a Tukey
test adjusted for unbalanced data sets by a harmonic m e a n (Wilkinson 1992).
Homogeneity of variances w a s tested using Bartletts test (Wilkinson 1992). Secondly,
to reveal the effect of individual plants on fruit weight, variation in fruit weight
a m o n g plants both within and a m o n g treatments w a s assessed by a balanced 2-factor
nested A N O V A (Winer 1970; Wilkinson 1992) using 10 randomly chosen, open
pollinated fruits per plant. A-priori Cochran's tests and a-posteriori Tukey tests were
applied where appropriate. These two analyses of fruit weight could not be
incorporated into the one design because for some treatments and plants fruit set w a s
extremely low or zero.

4.2.5 Flower to fruit demography

The fate of flowers following pollination was monitored to assess the timing of fruit
abscission and swelling. The cumulative number of flowers pollinated, fruit set and
the abscission of flowers following pollination were monitored throughout the
flowering season. Counts of the following were m a d e for each replicate each w e e k
whilst pollinating, and then less frequently until fruit maturation:
(i) number of unopened buds;
(ii) number of receptive flowers;
(iii) number of post-pollinated flowers ;
(iv) number of distinctly swollen ovaries; and
(v) total number of flowers remaining (i.e. buds + flowers + post-pollinated flowers).

4.2.6 Pollen tube growth

Three mature plants were arbitrarily selected in a natural population near Sublime
Point, c. 50 k m S of Sydney, N S W , in 1993. Each plant had three flowering branches
bagged with insect m e s h as above. Each bag per plant w a s randomly assigned to one
of three pollination treatments: (i) self-pollination; (ii) cross-pollination; and (iii)
untouched. A fourth level w a s unbagged and untouched flowers (i.e. natural
pollination). Flowers in treatments (i) and (ii) were pollinated every 2-3 days for
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three weeks. Outcross pollen w a s provided by one genetically distinct plant c. 10
metres a w a y from the pollinated plants. Post-pollinated flowers were collected after
their tepals had abscised (i.e. one w e e k after pollination), and the flowers stained for
pollen tubes following the methodology in Martin (1959). Pollen tube growth w a s
scored as the m a x i m u m distance achieved by a pollen tube from the stigma according
to the following: (i) u p to half style length; (ii) u p to the style base; (iii) into the
ovary; and (iv) into an ovule. Data were analyzed by a chi-squared test (Siegal 1956).

4.3 Results

4.3.1 Fruit set

Fruit set (as a percentage of the total number of flowers pollinated) varied among
treatments, and a m o n g plants within treatments (Table 4.1). However, the a posteriori
Tukey test detected no significant differences a m o n g treatment means (P>0.05). A
more sensitive D u n c a n test indicated fruit set following selfing = autogamy <
outcrossing = natural pollination (P<0.05) (Fig. 4.1). Fruit set following the control
treatment w a s not different to these four treatments (P>0.05). Fruit set varied
considerably a m o n g plants within each of four treatments and w a s significantly
different for two treatments: (i) outcross pollination, and (ii) the control for bagging
(Table 4.1; Fig. 4.1).

In 1992 no manipulations were performed, but fruit set following natural pollination
w a s measured on the 15 plants manipulated in 1991. Fruit set following natural
pollination in 1992 w a s not different for these 15 plants w h e n partitioned according
to the treatments applied in 1991 (Table 4.2; Fig. 4.2), The plant induced variation
w a s evenly spread across all treatments. Consequently, the difference in fruit set
following pollination treatments in 1991 (Table 4.1) w a s unlikely to be confounded by
plant induced variation. However, the differences in fruit set were significant or near
significant (P=0.05) a m o n g plants within 4 of the 5 treatment groups (Table 4.2; Fig.
4.2).

Fruit set following natural pollination in 1992 differed among the 3 plants used for
cross-pollination in 1991 indicating that there is plant-induced variability in fruit set
capability. Following cross-pollination in 1991, one plant set 9 5 % less fruit than the
remaining two (see above). In 1992, following natural pollination, this same plant set

Table 4.1. 2-factor nested A N O V A of percentage fruit set a m o n g pollination
treatments (Treatment) and a m o n g plants within treatments (Plant(treatment))
following pollination manipulations in 1991. Data were arc-sin (%) transformed
(C=0.30, ns) following a significant C (0.6592, P<0.01) on untransformed data.
N u m b e r of replicates (n) = 3.

source

SS

df

MS

F

P

Treatment

3913.3

4

978.3

3.81

.039

Plant(self)

55.7

2

27.8

1.18

.322

Plant(autogamy)

135.6

2

67.8

2.86

.073

Plant(control)

832.1

2

416.0

17.57

.000

Plant(cross)

1402.9

2

701.4

29.62

.000

Plant(natural)

139.9

2

69.9

2.95

.067

Plant(treatment)

2566.5

10

256.6

Residual

710.4

30

23.7

Table 4.2. 2-facfor nested A N O V A of percentage fruit set following natural
pollination in 1992 for all 15 plants used in the pollination manipulation experiment
(n=3). Individual plants have been assigned to the same treatment groups as for the
pollination manipulation experiment (Table 1), although no treatments have been
applied here. Data were untransformed (C = 0.19, ns).

source

SS

df

MS

F

P

"Treatment"

112.6

4

28.1

0.06

.992

Plant(self)

880.9

2

440.4

3.80

.034

Plant(autogamy)

619.1

2

309.5

2.67

.085

Plant(control)

1337.4

2

668.7

5.77

.008

Plant(cross)

766.5

2

383.2

3.31

.050

Plant(natural)

911.8

2

455.9

3.94

.030

Plant(treatment)

4516.0

10

451.6

Residual

3474.3

30

115.8
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Figure 4.1. Mean (+ SE) fruit set per plant in 1991 nested within pollination treatment
(as a percentage of the total n u m b e r of flowers pollinated). Pollination treatments are
selfed, autogamy/apomixis (auto), bag control (control), crossed, and naturally
pollinated (natural). Underlined treatments are not significantly different P u n c a n test,
P>0.05). Within treatments, plants that were significantly different are indicated with an
asterisk (Tukey test, P<0.01 within bag control treatment, P<0.05 within cross-pollination
treatment).
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Figure 4.2. M e a n (+ SE) fruit set per plant following natural pollination in 1992 (as a
percentage of the total n u m b e r of flowers pollinated). Plants are grouped as for Fig. 4.1.
Plants significantly different within each group of three are indicated with an asterisk
(Tukey test, P<0.05).
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about half as m u c h fruit as the remaining two (Fig. 4.2). The difference in fruit set
a m o n g these plants would appear to be a property of this one plant to set less fruit,
be it intrinsic or due to its immediate environment.

4.3.2 Fruit weight

Fruit weight data for self and autogamy pollination treatments were pooled to create
one self-pollen treatment (n=17 fruits), primarily because of the low numbers of fruits
(n=4) following self pollination. Differences in fruit weight were found following
different pollination treatments (Table 4.3). Natural pollination on unbagged flowers
produced heavier fruits than all other treatments (Tukey-Kramer test, P<0.02) (Fig.
4.3), Fruits derived from self fertilization were lighter than all other treatments
(Tukey-Kramer test, P<0.02) (Fig. 4.3). Cross-pollination, and the bag-control
treatments (i.e. natural pollination but flowers bagged) produced fruits not different
in weight (Fig, 4.3). D u e to small scale heterogeneity of variances (Bartletts %2 = 8.0,
df=3, P=0.046 following V(x+1) transformation), these results need to be interpreted
with caution (Underwood 1981). However, the A N O V A result w a s highly significant
(P<0.001; Table 4.3).

Fruit weight following natural pollination on all 15 plants in 1992 was not different
a m o n g plants across treatments, but w a s different a m o n g plants within treatments for
all but the 3 plants used for the self-pollination treatments (Table 4.4; Fig. 4.4). This
result indicates firstly that the differences in fruit weight following pollination
treatments (Fig. 4.2) were due to the treatments and not confounded by an unevenly
spread plant effect, and secondly that there is substantial plant-to-plant variability in
fruit weight.

4.3.3 Flower to fruit demography

The cumulative number of flowers pollinated week to week was consistent across all
treatments, therefore only self and outcross treatments are s h o w n here (Fig. 4.5). Fig.
4.5a shows the cumulative number of flowers pollinated as a percentage of the total
n u m b e r of flowers pollinated from w e e k 0 to 37 for self- and outcross-pollination
treatments. Note that by w e e k 4 from the beginning of flowering, c. 7 0 % of all
flowers had been pollinated, and c. 9 5 % of all flowers were pollinated by w e e k 12.

Table 4.3. 1-factor unbalanced A N O V A of fruit weight a m o n g 4 pollination
treatments (self and autogamy treatments were pooled to create one self-pollen level)
in 1991. Data were square root (x+1) transformed (Bartletts chi-square = 8.0, df=3,
P=0.046).

source

SS

df

MS

Treatment

494.8

3

164.9

Residual

3498.0

274

12.7

12.92

.000

Table 4.4. 2-factor nested A N O V A of fruit weight following natural pollination in
1992 for all 15 plants used in the pollination manipulation experiment (n=10).
Individual plants have been assigned to the same treatment groups as for the
pollination manipulation experiment, although no treatments have been applied here.
Data were untransformed (C=0.16, ns).

source

SS

df

MS

F

P

"Treatment"

314244.2

4

78561.1

1.09

.411

Plant(self)

33638.9

2

16819.4

1.11

.331

Plant(autogamy)

161462.5

2

80731.2

5.35

.006

Plant(control)

143426.4

2

71713.2

4.75

.010

Plant(cross)

158727.8

2

79363.9

5.26

.006

Plant(natural)

220805.6

2

110402.8

7.32

.001

Plant(Treatment)

718061.1

10

71806.1

Residual

2037567.5

135

15093.1
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Figure 4.3. M e a n (+SE) fruit weight following pollination treatments in 1991, with self
and autogamy treatments combined to form one self-pollen level within this analysis
(self). N u m b e r s in bars are the n u m b e r of replicates. Other treatment codes as for
Figure 4.1. Treatments not significantly different are underlined (Tukey-Kramer test,
P>0.05).
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Figure 4.4. M e a n (+SE) fruit weight per plant following natural pollination in 1992.
Plants are grouped as in Figure 4.1. Plants significantly different within each group of
three are indicated with an asterisk (Tukey test, P<0.05).
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Figure 4.5. Flower to fruit demography during the 37 weeks of the pollination
experiment for selfed and outcrossed treatments. Note: a = the cumulative number of
flowers pollinated for selfed and outcrossed treatments; b = the n u m b e r of postpollinated flowers remaining on the plant (solid line), and the number of swollen fruits
(dashed line) for outcrossed flowers; c = the number of post-pollinated flowers
remaining on the plant (solid line), and number of swollen fruits (dashed line) for selfed
flowers. Values in each case are a percentage (mean +_ SE) of the m a x i m u m number of
flowers for each replicate (n=9). Note that swollen fruits were first detected at week 11,
and first counted at w e e k 12.

The number of post-pollinated flowers remaining on plants, calculated as a
percentage of the total number of flowers pollinated, w a s the same for self and
outcross pollinated flowers up to 16 weeks from the commencement of pollination
(Fig. 4.5b, 4.5c). At w e e k 16, both treatments still retained as "post-pollinated"
flowers c. 3 6 % of the total number of flowers pollinated. Only after w e e k 16 is there
a substantial difference in abscission between selfed and outcrossed flowers (Fig. 4.5b,
4.5c). This difference in abscission comes 4 weeks after all but 5 % of flowers have
been pollinated. Note that m a n y flowers are retained for u p to 20 weeks or longer
after pollination (Fig. 4.5).

Fruit swelling was first detected around week 11, and first counted at week 12, by
which time c, 9 5 % of all flowers had been pollinated (Fig. 4.5). M e a n swollen fruits
(as a percentage of the m a x i m u m number of flowers) at week 12 w a s 34.5 (+ 5.9)%
for outcrossed flowers, and 1.1 (+ 1.0)% for selfed flowers (Fig. 4.5b, 4.5c
respectively). This value did not change at all for selfed flowers by w e e k 37 (fruit
maturation), and dropped marginally to 20.5 (+ 5.4)% for outcrossed flowers (Fig.
4,5c, 4.5b). This trend of stability in numbers of swollen fruit from w e e k 12 onwards
was observed in all treatments (i.e. natural pollination, 25.5% swollen fruit at w e e k 12
(+ 3.1) to 17.2% (+ 2.3) at week 37; autogamy, 2.0 (+0.6)% to 1.5 (+0.5)%; and bag
control, 10.5 (+ 3.6)% to 4.9 (+ 2.4)%.

4.3.4 Pollen tube growth

Pollen tube growth was not independent of the source of pollen (i.e. self Vs cross Vs
natural) (%2 = 44.62; df = 6; P<0.001; Fig. 4.6). Pollen tube vigour w a s no different
a m o n g the self-, cross- and natural pollination treatments up to about half style
length. However, pollen tubes were not detected in the ovaries of any selfed flowers
(0 out of 70), but were detected in the ovaries of half of all outcrossed flowers (27 out
of 57). Further, 10 of these 57 outcrossed flowers contained pollen tubes detectable
into ovules. Naturally pollinated flowers were intermediate between the extremes of
self- and cross-pollinated treatments, probably reflecting a mixed pollen load. Pollen
tubes were only rarely observed for bagged and untouched flowers, as there were
clearly no or very few pollen grains on the stigma. Only flowers with clear pollen
grains on the stigma were included in these analyses.

pollen

tube

growth

from

stigma

Figure 4.6. Reverse cumulative graph of pollen tube growth from the stigma (i) u p to
half style length (< half); (ii) u p to the base of the style (< base); (iii) into the ovary; and
(iv) into an ovule, for self-, naturally-, and cross-pollinated flowers. Data are m e a n s of
three plants (+ SE).
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4.4 Discussion

The breeding system of P. mollis does little to retard pollen flow within populations
because, although partially self-compatible ( 1 % fruit set following selfing), outcross
pollen is strongly preferred over self pollen in terms of both quantity and quality of
the fruit produced. The breeding system, therefore, promotes outbreeding, and is not
a contributing factor to the morphological diversity within this complex species.

Extremely low fruit set following self pollination may be a result of early-acting selfincompatibility on the stigma or in the style preventing pollen tube growth (de
Nettancourt 1977), or late-acting self-incompatibility within the ovary (Seavey and
B a w a 1986), or early-acting inbreeding depression (Wiens 1984; Wiens et al. 1989).

Pollen tube growth in the top half of the style was equally vigorous following selfand cross-pollination in P. mollis. Elsewhere in the Proteaceae, pollen tube growth
following self- and outcross-pollination has been observed (Whelan and Goldingay
1989; Goldingay et al. 1991; Harriss and Whelan 1993), where fruit set following selfpollination (and indeed natural pollination) is also extremely low. In these studies,
pollen tubes could not be observed further than the style for both self- and outcrosspollen. However, following cross-pollination of P. mollis, pollen tubes were observed
in the ovary for half of all flowers pollinated, and indeed pollen tubes were seen into
ovules for 1 9 % of all flowers pollinated with outcross pollen. Pollen tubes were not
present in the ovaries or ovules for any self-pollinated flower. Naturally pollinated
flowers were somewhat intermediate between these extremes, suggesting that they
received a mixture of self- and outcross-pollen. These data suggest a pre-zygotic selfincompatibility mechanism operating within the style. However, fruit set following
selfing w a s 1%. Three explanations are possible. Firstly, the self-incompatibility
mechanism m a y be partial, whereby one in a hundred selfed flowers are successfully
fertilized. This has been described as "pseudo self-incompatibility" (Mulcahy and
Mulcahy 1985; Montalvo 1992; Waser 1993). Secondly, apomixis m a y be responsible
for this fruit set in the absence of outcross pollen. Thirdly, self-pollen germination or
tube growth m a y be slower than that of outcross pollen, and so self-tubes into ovules
were not detected here because of insufficient time between pollination and staining
for tubes. In m a n y self-compatible species, outcross pollen-tubes reach the ovules
more quickly than self-tubes (Bateman 1956; Weller and Ornduff 1977; Aizen et al.
1990; S n o w and Spira 1991; Harriss and Whelan 1993). Although slower self-pollen
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germination or tube growth needs to be investigated, it appears an unlikely
explanation for m y results as flowers were between 5 and 10 days old w h e n stained
for pollen tubes, which appears to be ample time for tube growth.

If pre-zygotic self-incompatibility is the cause of low fruit set after selfing, why a
m a n y self-pollinated flowers retained on these plants for at least 4 weeks, and in
m a n y cases u p to 20 or more weeks after fertilization? The absence of fruit swelling
for all pollination treatments until 12 weeks from the commencement of pollination,
combined with the length of time of retention of pollinated flowers, is at odds with
the expectation that fruit development be as rapid as possible so as to minimize
exposure to predators (Primack 1987). Pollen tubes that reach ovules do so within a
few days of germination. These data therefore suggest a post-fertilization
mechanism, where the fertilized zygote remains dormant for weeks until a cue to
either continue development or to abort. Whether this mechanism is random, or
involves some maternal choice remains unclear in this case. However, theory
predicts that late-acting maternal choice is the primary mechanism as it increases the
inclusive fitness of the maternal plant (Westoby and Rice 1982). Late-acting maternal
choice allows for deferred investment, so that the mother can direct limited resources
to a vigorous subset of developing offspring genotypes while selectively aborting less
vigorous ovules (Janzen 1977; Stephenson 1981; Westoby and Rice 1982; Willson and
Burley 1984). The mother achieves this by responding to differences in vigour of
early growth a m o n g offspring genotypes (Westoby and Rice 1982). Ultimately, the
highest quality seeds are produced. Results consistent with these predictions of
ovule-abortion decisions based on the vigour of the developing offspring have been
found by Casper (1988). There is increasing evidence that maternal control at the
level of the ovule is a widespread, but poorly understood, p h e n o m e n o n in
angiosperms (e.g. B o o k m a n 1984; Seavey and B a w a 1986; Stephenson and Winsor,
1986; Griffin et al. 1987; Kenrick and K n o x 1989; Goldingay et al. 1991; Waser 1993).
The delay of m a n y weeks between pollination and fruit mortality/swelling in P.
mollis suggests indirectly that late-acting maternal choice m a y be selectively aborting
less vigorous offspring genotypes.

In an analogous situation, Ipomopsis aggregata has c. 1% seed set/ovule following self
pollination (Kohn and Waser 1985; Waser and Price 1983). In evaluating late-acting
self-incompatibility over early-acting inbreeding depression, Waser and Price (1991a)
rejected the latter due to the unrealistic number of independent loci carrying lethal
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alleles in a heterozygous condition required for only 1 % of offspring to survive.
Further, if inbreeding depression were the cause of low fruit-set following natural
pollination, then the prediction w o u l d be for a large increase in fruit-set following
controlled outcrossing since outcrossed embryos w o u l d rarely be h o m o z y g o u s for
lethal alleles (Griffin et al. 1987), This did not happen - fruit set following controlled
outcrossing w a s not different fo fruit set following natural pollination.

Approximately 20% of flowers pollinated with outcross pollen set fruit, compared to
only 1 % of flowers receiving self-pollen. Variation between populations and seasons
w a s not measured, and caution is required because self-compatibility can vary
remarkably even within species (e.g. Vaughton 1988; Goldingay and W h e l a n 1990).
However, estimates of outcrossing rates (the percentage of ovules fertilized with
cross-pollen) in seven populations of P. mollis all showed values extremely close to
1 0 0 % (Krauss 1994b; Chapter 5). These results indicate that selfing is negligible in
these populations, and consequently these populations are also preferentially
outcrossing.

Percentage fruit set following the control for bagging treatment was significantly less
than fruit set following both natural and outcross pollinations. T w o explanations are
possible: (i) that bagging with insect m e s h has a detrimental effect o n fruit set; and
(ii) that the control w a s inadequate as it retarded pollinator m o v e m e n t and
consequently prevented natural pollination.

If the first explanation is correct, then (i) fruit set following fertilization with self
pollen m a y in fact be more significant than detected here; (ii) that fruit set following
outcross pollination m a y be greater than natural fruit set; and (iii) that fruit set
following cross-pollination is still significantly higher than fruit set following
fertilization with self-pollen. Bagging could affect fruit set if the leaves subtending
flowers contribute directly to the energy requirements for the developing fruits. If
the bags are reducing light available for photosynthesis b y these leaves, then fruit set
could be a casualty. Bagging did have a detrimental effect o n fruit weight (Fig. 4.3,
and discussed below).

Alternatively, and perhaps the more likely explanation, is that this control was
inadequate for fruit set because it seriously deterred pollinator visitation. N o
pollinators were observed actually visiting these flowers, although clearly o n one
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plant they had as fruit set w a s m u c h greater than o n the other two plants for this
treatment. More significantly though, selfing has been found to be negligible
elsewhere using an a posteriori electrophoretic technique on seed to determine
paternity (Krauss 1994b; Chapter 5). Consequently, the estimate of selfing in this
study does not appear to be an underestimate confounded by a bagging effect,

Bagging flowers has a detrimental effect on fruit weight. Fruit weight following
natural pollination of bagged (control)flowersw a s on average 8 4 % that of naturally
pollinated, unbagged flowers. These data suggest that the leaves within the bags are
contributing resources to the fruits they subtend. The interdependence of flowers
and their near leaves has been found in other plants (Stephenson 1981). Further, it
indicates that the difference between fruit weight following cross-pollination and fruit
weight following natural pollination w a s due to the confounding effect of bagging
rather than the pollination treatment. Therefore, the difference in fruit weight
between these two treatments is invalid. However, the difference in fruit weight
following self-fertilization and outcrossing is valid as both treatments were bagged.

The lower weight of fruits following self-pollination compared to outcrossed fruits
suggests that these selfed seeds, if viable, m a y well be less vigorous than outcrossed
seeds and therefore at a competitive disadvantage at the seedling stage w h e n
outcrossed seedlings are present (Harper 1977; Marshall 1986; Primack 1987; Johnston
1992). However, the ability to self m a y be a 'bet-hedging' mechanism (Stephenson
1981; Ayre and Whelan 1989) whereby a plant is capable of producing progeny even
if cross-pollen and hence outcrossed seeds are unavailable. To test this hypothesis,
whole plants would need to be isolated to allow for geitonogamous or autogamous
pollination of all flowers (Paton and Turner 1985; Whelan and Goldingay 1986;
Goldingay and Whelan 1990; Goldingay et al. 1991).

A true test of the viability of selfed seeds was not possible because (i) mature
Persoonia seeds have no endosperm (Johnson and Briggs 1963), so a test of viabiEty on
endosperm w a s not possible, (although see Abbott and V a n Heurck 1988) and (ii)
Persoonia seeds possess a dormancy mechanism, the precise nature of which remains
unresolved (Abbott and V a n Heurck 1988). However, to obtain electrophoretic
results, enzymes must be active. If enzyme activity is an indication of viability, then
these selfed seeds are viable (Chapter 5).
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Fruit set following natural pollination in this population w a s 17.2% ± 2.3 in 1991, but
was higher in 1992 (34% ± 2.7, c. 6 weeks before fruit maturation). In a population of
P. mollis subsp. ledfolia in 1992 natural fruit set w a s 17.6% ± 3.4 (n=8) (Chapter 8).
L o w fruit to flower ratio is typical of hermaphroditic plants (Stephenson 1981; Wiens
1984), but this value for P. mollis is high for the Proteaceae where the averages for 18
species range from 0.1% to 7.2% (Lamont et al 1985; Collins and Rebelo 1987; Ayre
and Whelan 1989). A number of hypotheses have been proposed to explain low fruit
set (Stephenson 1981; Ayre and Whelan 1989). S o m e of these emphasize the
flexibility of maternal choice over seed quality. For example, excess flowers and low
fruit-set m a y be the result of resource limitation and the subsequent maternal choice
of the best quality seeds by pre- and/or post-zygotic selection (optimal outcrossing).
Alternatively, the plant can respond to temporal variation in a limiting factor by
having an excess of flowers to capitalize on a good year (bet-hedging). These
hypotheses of low fruit to flower ratios are consistent with the proposed mechanism
of breeding system control in P. mollis, which emphasizesflexibilityand post-zygotic
maternal choice following pre-zygotic "pseudo" self-incompatibility.
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C H A P T E R FIVE: RESTRICTED G E N E F L O W W I T H I N Persoonia mollis:
C O N T R A S T I N G EVIDENCE F R O M T H E M A T I N G SYSTEM A N D POLLEN
DISPERSAL.

5.1 Introduction

Morphological diversity within species can be brought about by a restrictio
flow (Ehrlich and Raven 1969; Wright 1969; Endler 1977; Slatkin 1985a, 1987;
Templeton 1989). Gene flow occurs infloweringplants via pollen and seed, with
pollen dispersal frequently forming the larger component (Levin and Kerster 1974;
Beattie and Culver 1979; Loveless and Hamrick 1984; Fenster 1991; Waser 1993).
Realized pollen dispersal is a function of the movement of pollen by vectors, as well
as post-pollination events that determine systems of mating (Levin and Kerster 1974;
Levin 1981; Loveless and Hamrick 1984). The most fundamental of these postpollination events is the relative success of outcross pollen over self pollen (i.e. the
outcrossing rate). The contribution of pollen dispersal to gene flow is directly
correlated to the amount of outcrossing, as selfed seeds have a pollen dispersal
distance of zero.

The relationship between gene flow and the genetic structure of a continuou
distributed population was inferred by Wright (1943 1946,1969). The important
parameter is the effective number of individuals in a genetic neighbourhood (Ne). A
neighbourhood is an area from which parents of central individuals may be treated
as if drawn by random (Wright 1946). The neighbourhood area due to pollen
dispersal is a function of pollen dispersal distances weighted by outcrossing rate, and
when multiplied by the effective density of breeding organisms, provides a
measurement of effective neighbourhood size (Wright 1946; Crawford 1984a,b).
Related to the concept of neighbourhood size is that of the paternity pool, where the
paternity pool is the maximum number of potential mates for individual females
(Levin 1988).

All else being equal, species with small effective population size paramete
likely than those with larger populations to undergo genetic differentiation over a
given distance. Theoretical models suggest that random differentiation (genetic drift)
can occur when neighbourhoods contain fewer than 200 individuals, and may be
considerable when they have 20 or fewer (Wright 1946). Many published estimates
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of neighbourhood size in plants have been low (e.g. Crawford 1984b; Cahalan and
Gliddon 1985; Bos et al. 1986; Fenster 1991) indicating that random differentiation
within populations m a y be considerable. However, high estimates of neighbourhood
size (i.e. >200 and even up to 50000) in plants are also k n o w n (e.g. Crawford 1984b;
Govindaraju 1988; Y o u n g 1988; Epperson and Allard 1989; Broyles and Wyatt 1991;
Eguiarte et al. 1993). Paternity pool size estimates range from 20 to over 30000 for 25
herb and tree species (Levin 1988).

Persoonia mollis (Proteaceae) is a remarkably variable species morphologically
(Chapter 3). Nine allopatric or parapatric subspecies are currently recognised (Krauss
and Johnson 1991; Chapter 2). The variation appears to have a genetic basis (as
opposed to phenotypic plasticity), as reciprocal transplants of different forms do not
remove the diagnostic differences (Chapter 9). It is a long-lived (c. 10-30 years) firesensitive shrub occurring in a range of habitats in south-eastern Australia for about
400 k m S and 200 k m W from Sydney (Krauss and Johnson 1991; Chapter 2). This is
one of a series of studies addressing the factors contributing to the morphological
variation within P. mollis. In this study, 1 investigated the pollen dispersal
component of gene flow using isozyme markers. I firstly estimated mating system
parameters in seven natural populations over two seasons. Secondly, I measured
realized pollen dispersal in two of these natural populations. Estimates of paternity
pool size and genetic neighbourhood size were derived from these measurements.
The aim w a s to characterise the mating system and pollen dispersal within P. mollis,
and to assess whether a restriction in gene flow can explain the morphological
complexity within this species.

5.2 Materials and methods

5.2.1 Reproductive biology

Persoonia mollis usually flowers from late December until March. Flowers are
pollinated by a suite of native bee species as well as the introduced European honeybee Apis mellfera (Chapter 8). Each mature plant produces thousands of flowers, each
flower remaining receptive for about five days after anthesis (Krauss 1994a; Chapter
4). The fruits (drupes) usually contain one seed and are retained on the plants until
maturation in November. Natural fruit-set is usually about 2 0 % of flowers (Krauss
1994a; Chapter 4). Dispersal m a y be affected by a range of large birds (e.g. the

55
Currawong, Strepera sp., (Barker and Vestjens 1990)). Although self-compatible, there
is a strong preference for outcross pollen, in terms of both quantity and quality of
seeds produced (Krauss 1994a; Chapter 4). There is no vegetative reproduction.

5.2.2 The study populations

Plant mating systems can be extremely flexible, and can vary both spatially and
temporally (Schemske and Lande 1985). Therefore, estimates of outcrossing were
obtained for seven natural populations (representing six of the nine subspecies).
These populations and subspecies were:
(i) Lyrebird Gully (Lyr); subsp. maxima
(ii) W o o d b u r n State Forest (Woo); subsp. caleyi
(iii) Penrose State Forest (Pen); subsp. ledfolia
(iv) Murphys Glen, Blue Mountains National Park (Mur); subsp. mollis
(v) M o n g a State Forest (Mon); subsp. budawangensis
(vi) Belanglo State Forest (Bel); subsp. revoluta
(vii) Long Acre Fire Trail, Belanglo State Forest (Lon); subsp. ledfolia

These populations cover much of the natural range of habitats and population
densities of P. mollis. For three of these populations (Lyrebird Gully, W o o d b u r n , and
Murphys Glen), estimates of mating system parameters were derived for two
consecutive seasons (1990 and 1991). Realized pollen dispersal w a s estimated in two
of these populations (Lyrebird Gully and Long Acre). The Lyrebird Gully population
is relatively disjunct and isolated, while all others are more or less part of a
continuous distribution.

5.2.3 Electrophoresis

Up to 40 mature fruits per plant were collected from 10 to 28 randomly chosen plants
per population per season. Individual plants were tagged and m a p p e d , and
resampled for pollen w h e n flowering (c. 2 months after fruiting). Fruits were stored
at 4°C. Buds were collected just prior to anthesis and immediately stored in liquid
nitrogen and later at -80°C. Seeds were removed from fruits and ground in chilled
ceramic spot plates in one drop of Tris-HCI p H 7.5 grinding buffer of Soltis et al.
(1983), but with mercaptoethanol increased to 1%. W h o l e anthers were removed
from buds and similarly ground.
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Thirty enzyme systems were assayed using a range of grinding buffers and running
conditions. Three loci were sufficiently resolvable and polymorphic in seed for the
following enzymes: alcohol dehydrogenase ( A D H , E.C. 1.1.1.1), glucose-6-phosphate
isomerase (GPI, E.C. 5,3.1.9), and phosphoglucomutase ( P G M , E.C. 5.4.2.2). For Gpi-1
and Pgm-1, maternal genotypes were determined by electrophoresis of pollen, and
Mendelian inheritance w a s confirmed from the segregation patterns in their openpollinated families of seeds. Alcohol dehydrogenase (Adh-1) w a s not expressed in
pollen, so maternal genotypes were inferred from the progeny arrays.
Electrophoresis w a s conducted with 1 2 % w / v starch gels in a Tris-maleate buffer
solution at p H 7.4 (Selander et al. 1971). Gels were run for 16 hours at 90 m A at 4°C.
Stain recipes were based on Wendel and W e e d e n (1989).

5.2.4 Estimation of mating system parameters

Wright's fixation index (F) was calculated from the progeny in each population. This
value gives the proportional increase of homozygosity in excess of that expected
under panmixia (the Hardy-Weinberg expectation). The standard error w a s
calculated from formulae in Brown et al. (1975). Based on the mixed mating model
(Fyfe and Bailey 1951; Clegg 1980; B r o w n et al. 1985), estimates of the proportion of
seeds derived from outcrossed ovules (t), and the frequency of alleles in the pollen
pool (p), were calculated jointly for each locus using the Maximum-Likelihood (ML)
procedure of B r o w n et al. (1975) and the Expectation-Maximization (EM) algorithm of
Cheliak et al. (1983). Multi-locus estimates of t were calculated where appropriate
using the procedures of Green et al. (1980), S h a w et al. (1981) and the joint M a x i m u m Likelihood methods of Ritland and Jain (1981). The variance for each Ritland and
Jain (1981) multi- and average single-locus estimate of t, and the variance for the
difference between these two estimates of t for each population, w a s calculated using
the bootstrap method with the unit of resampling within families.

An assumption of the multi-locus models for the estimation of mating system
parameters is that the loci are unlinked (Ritland and Jain 1981). To test for nonrandom associations a m o n g alleles at two loci, the digenic composite disequilibrium
coefficient A A B (Weir and Cockerham 1989; Weir 1990) w a s calculated for all pairwise
combinations of loci using the program of Weir (1990). A A B is equal to zero if the
allelic state at one locus is not correlated with that at another. Deviations from zero
were detected using x 2 with one degree of freedom, calculated as the squared

estimates of disequilibrium divided by the sampling variances (calculated under the
hypothesis that the true value of the disequilibrium is zero) (Weir 1990). Estimates of
disequilibrium were calculated from seed genotypes, which violates the assumption
of independence in the x 2 test due to c o m m o n maternal, and often paternal, parents
(Waller and Knight 1989). However, as the error about the estimate is reduced by
using these data relative to independent data, a non-rejection of the null hypothesis
of random association (gametic equilibrium) a m o n g alleles at two loci remains valid.
Use of these data, however, increases the probability of a type-I error. Therefore, a
significant result needs to be interpreted with caution, and could be due solely to the
violation of the assumption of independence. The parental genotypes could not be
used to test for gametic disequilibrium because of small sample sizes.

5.2.5 Estimation of pollen dispersal

Realized pollen dispersal was measured in two natural populations (Lyrebird Gully
in seasons 1990 and 1991 and Long Acre in 1991) where paternity could be assigned
to one plant that possessed an allele unique in that population. Rare alleles in seed
were detected electrophoretically and the distance from the maternal plant to the
k n o w n source of the rare allele (paternal plant) measured. Estimates of pollen
dispersal derived from genetic markers are more accurate than those derived
indirectly from observations of pollinator movements or from the m o v e m e n t of
coloured dyes as they take into account both pre- and post-fertilization components
of pollen dispersal (Schaal 1980; Levin 1981; Waser and Price 1982; Handel 1983;
Hamrick and Schnabel 1985; Campbell 1991; A d a m s et al. 1992).

In the Lyrebird Gully population in 1990, one plant was homozygous for a rare allele
at the Pgm-1 locus (DD). All the other nine plants sampled were homozygous for the
c o m m o n allele (AA) at this locus. Therefore any heterozygous (AD) progeny on the
(AA) maternal plants must have been fathered by pollen from the (DD) plant,
assuming that all the pollen donors are located within the boundaries of the study
population. In 1991, this procedure w a s repeated and included all 16 reproductively
mature plants in the study area. T w o (AA) plants from the 1990 sampling had died
in the intervening period, giving a total of 18 plants in the study area over the two
years. O n e maternal heterozygote (AD) at the Pgm-1 locus w a s located at one end of
this population's distribution (and 70 m from the (DD) maternal). All others were
(AA)'s. The paternity of heterozygous progeny at the Pgm-1 locus for homozygous
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(AA) maternal plants could be assigned on almost all occasions to either of the two
plants possessing the rare D allele because these plants were homozygous for
alternative alleles at the Gpi-1 locus. Only those cases where paternity could be
assigned with absolute confidence were used for measures of dispersal distance in
both 1991 and 1990. Doubtful cases, where the offspring were double heterozygotes
at Pgm-1 and Gpi-1, were not included. Therefore, estimates for 1990 also utilized
genotypes at the Gpi-1 locus. At a second population (Long Acre), one out of
nineteen flowering plants w a s heterozygous at the Gpi-1 locus; all others were
homozygous for the c o m m o n allele.

The proportions of seed with known paternity were multiplied by the square of the
distance from the k n o w n source plant (p2), and s u m m e d to give an estimate of the
variance of dispersal distance of pollen such that o-p2absolute=£p2/n (Crawford 1984a,b),
where n is the s u m of the proportions of seed with k n o w n paternity. This variance
w a s halved to derive op2axial (Crawford 1984a,b). A n estimate of neighbourhood area
was derived according to the general formula Na=7iKtkpCrp2axial/2)+kso-s2], where N a is
the neighbourhood area, t=outcrossing rate, and kp and ks are correction factors for
kurtosis (i.e. non-normality of the pollen and seed dispersal distributions) (Crawford
1984b). The contribution of pollen dispersal to total dispersal is halved since total
dispersal is the s u m of paternal dispersal (via pollen and seed) and maternal
dispersal (via seed only) (Crawford 1984a,b). That is, the maternal contribution to
gamete dispersal via pollen is zero (Crawford 1984a,b). Kurtosis is zero, and kp and
ks=4, w h e n the dispersal distributions are normal. W h e n t=l, and pollen dispersal is
normally distributed around a m e a n of zero, and seed dispersal is not measured (i.e.
CJS2

= 0), this reduces to Na=27io-p2axial (Crawford 1984b). Estimates of effective

neighbourhood size due to pollen dispersal only were derived by multiplying N a by
the density of breeding plants per m 2 .

Assuming a normal distribution of pollen dispersion with zero mean, 99% of the
pollen received by given females is donated by males within a circle of radius 3o p
and area A=9na p 2 axial (Levin 1988). The number of potential fathers for the progeny of
a reference female is A d , where d is the density of pollen-producing plants.
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5.3 Results

5.3.2 Mating system parameters

Allele frequencies for the maternal parents, progeny and pollen pool are given in
Table 5.1. Allele frequencies across the three cohorts (parents, progeny and pollen)
were in close agreement. These data suggest that maternal plants contribute equally
to the pollen pool. N o loci were variable in all populations. Indeed, in only two of
the seven populations were all three loci variable.

Estimates of Wright's fixation index (F) for each locus show a consistent trend
towards a negative value across all populations and loci, although no individual
estimate of F w a s significantly different from zero (Table 5.2). The frequency of
negative values of F (14 out of 19) w a s in excess of one-half (x2[i]=4.26; P<0.05)
indicating an overall excess of heterozygotes in the progeny compared to the HardyWeinberg expectation of F = 0.

No single-locus estimate of outcrossing (t) was significantly less than unity, and
indicates complete outcrossing (Table 5.3). The m e a n single-locus outcrossing rate
w a s 1.04. This level of outcrossing leads to an indirect estimate of the fixation index
Fe=(l-t)/(l+t)= - 0.02. F e is close to the direct estimate of the m e a n fixation index of
F= -0.035, and indicates that the number of heterozygotes is as expected on the basis
of the mating system (i.e. implies an inbreeding equilibrium) (Hedrick 1985). All
single locus estimates of outcrossing derived using the E M algorithm of Cheliak et al.
(1983) gave the m a x i m u m possible value from this procedure of t = 1.00, except for
Murphy's Glen (1990) Pgm-1 (f=0.96) and M o n g a (1990) Pgm-1 (t=0.95). Estimates of
pollen allele frequencies derived using the E M algorithm were in close agreement to
those derived using the M L procedure.

Multi-locus estimates of outcrossing (t) were consistently equal to or greater than
unity (Table 5.4). There is heterogeneity a m o n g the different multi-locus estimates of
t within the Lyrebird Gully population. Ritland's multi- and m e a n single-locus
estimates of t failed to converge for two populations (Table 5.4). This can be caused
by small population size and asymmetric allelic frequencies, leading to small
numbers of detectable outcrosses. These values were not included in the calculation
of m e a n values for t. The multi-locus estimate of t w a s significantly greater than the

Table 5.1. Allele frequencies for variable loci in parental, progeny and pollen pool cohorts,
and sample sizes of parents and progeny, for each population and season.

Pgm -1

Lyr(1990)
parents
progeny
pollen
Lyr(1991)
parents
progeny
pollen
Woo(1990)
parents
progeny
pollen
Woo(1991)
parents
progeny
pollen
Pen(1991)
parents
progeny
pollen
Mur(1990)
parents
progeny
pollen
Mur(1991)
parents
progeny
pollen
Mon(1990)
parents
progeny
pollen
Bel(1990)
parents
progeny
pollen
Lon(1991)
parents
progeny
pollen

Gpi-1

Adh-1

A

B

C

D

E

F

n

A

B

C

.91
.86
.87

-

-

.09
.14

-

-

11
178

.35
.37

-

.65 10
.63 172
.64

.91
.88
.88

-

-

.09
.12

-

-

16
354

.50
.44

-

.50 16
.56 350
.58

.95
.92
.87

-

-

-

.05
.08

-

11
190

.91
.90
.92

-

.09 11
.10 127

.79
.79
.77

-

-

-

.21
.21

-

29
229

.93
.95
.97

-

.07 28
.05 212

.95
.95
.98

-

-

-

-

.05 10
.05 186

.59 .09
.59 .07
.59 .03

-

.32
.34
.38

-

-

11
203

.62 .05
.58 .01
.57 .01

-

.33
.41
.42

-

-

21
258

.67
.62
.51

-

.04 .29
.08 .30
.10 .39

-

12
137

-

n

.95 .05
.95 .05
.98

-

.90
.92
.91

.10 10
.08 126

-

.97 .03
.94 .06
.96

-

10
178

19
179

A

B

C

n

.86 .14
.81 .19
.84

-

11
189

.90 .10
.82 .18
.75

-

29
229

.90
.90
.92

-

.10 10
.10 186

.90
.93
.98

-

.10 10
.07 195

Table 5.2. Estimates of Wright's fixation index (F), determined from seed for each
locus in each population and season, with standard errors and the arithmetic mean.

Popn

Pgm-1

Gpi-1

Lyr(1990)

-.12 (.18)

-.05 (.10)

-.09

Lyr(1991)

-.11 (.17)

.03 (.06)

-.04

Woo(1990)

.04 (.33)

-.11 (.23)

.22 (.21)

.05

Woo(1991)

.01 (.11)

-.05 (.26)

.00 (.12)

-.01

Pen(1991)

-.05 (.43)

-.05 (.45)

-.11 (.25)

-.07

Mur(1990)

-.16 (.09)

-.16

Mur(1991)

-.03 (.07)

-.03

Mon(1990)

-.07 (.10)

-.01 (.35)
-.06 (.27)

Lon(1991)

-.06

-.04

Mean

-.05

-.02 (.35)

Bel(1990)

Mean

Adh-1

-.01
-.06

.03

-.035

Table 5.3. Single-locus estimates of outcrossing (0 for each variable locus in each
population and season, with standard errors and mean.

Popn

Pgm-1

Gpi-1

Lyr(1990)

1.11 (.05)*

1.07 (.09)

1.09

Lyr(1991)

1.11 (.03)"

0.99 (.06)

1.05

Woo(1990)

0.81 (.32)

1.19 (.36)

1,18 (.03)"

1.06

Woo(1991)

1.11 (.09)

1.06 (.22)

0.84 (.21)

1.00

Pen(1991)

1.05 (.32)

1.05 (.32)

1.18 (.24)

1.09

Mur(1990)

0.96 (.21)

0.96

Mur(1991)

0.99 (.09)

0.99

Mon(1990)

1.07 (.19)

0.91 (.25)
1.08 (.32)

Lon(1991)

1.03

1.07

Mean

1.06

1.04 (.28)

Bel(1990)

Mean

Adh-1

0.91
1.08

1.03

* indicates t > 1 at the 5 % level; ** indicates t > 1 at the 1 % level.
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m e a n single-locus estimate of t only in the Lyrebird Gully (1991) population (P<0.01).

5.3.2 Gametic disequilibrium

The disequilibrium statistic was significantly greater than zero for the association
between alleles at the Pgm-1 and Gpi-1 loci in the Lyrebird Gully population for both
1990 and 1991 seasons (Table 5.5). Therefore, these two loci m a y not give
independent estimates of mating system parameters in this population. However,
due to violations of the assumption of independence in the x2~test, conclusions about
the non-random association of alleles at these two loci in this population cannot be
made. N o other significant departures from equilibrium between loci were detected
in the other populations (Table 5.5). Estimates of mating system parameters at each
of the three loci at all other populations are therefore likely to be independent.

5.3.3 Pollen dispersal

The spatial distribution of all plants within the indicated boundaries of the two
natural populations in which pollen dispersal w a s estimated is s h o w n in Fig. 5.1.
Paternity could be assigned unequivocally to 61 seeds out of a total of 620 seeds
(9.8%). The frequency of the seeds with k n o w n paternity on each maternal plant and
the distances of these maternal plants to the paternal plant are given in Table 5.6. O n
average, 7 0 % of all dispersal through pollen w a s to the paternal plant's immediate
neighbour, and 8 7 % w a s restricted to the four nearest neighbours. The longest
dispersal distance recorded w a s 72 m , which w a s the 13th closest plant to the
paternal plant (Table 5.6). These results assume no pollen contamination from
outside the study area. The close agreement for allele frequencies between maternal
and pollen cohorts (Table 5.1), and the extremely restricted nature of pollen dispersal
within these populations (Table 5.6) suggests that pollen contamination from outside
the study area w a s negligible.

Estimates of neighbourhood area and effective size due to realized pollen dispersal,
and the paternity pool area and size, are given in Table 5.7. In all populations,
kurtosis w a s minor but due to small sample sizes no test of significance w a s possible.
Therefore, pollen dispersal w a s here treated as normally distributed around a m e a n
of zero. Ninety-nine percent of the pollen received by given females w a s donated by
males on average within 33 (+ 7.3) m .

Table 5.5. Estimates of gametic disequilibrium A A B for each population in which
multi-locus outcrossing rates were determined.

Population/year/loci

AAB

sd

X2

Lyr(1990) Pgm/Gpi

.0873

.0107

100.3

Lyr(1991) Pgm/Gpi

.0372

.0088

19.06

Pen(1991) Pgm/Adh

-.0023

.0041

0.28

Pen(1991) Pgm/Gpi

-.0018

.0027

0.30

Pen(1991) Gpi/Adh

-.0066

.0032

2.28

Woo(1990) Pgm/Gpi

-.0075

.0044

1.64

Woo(1990) Gpi/Adh

.0116

.0086

2.29

Woo(1990) Pgm/Adh

-.0099

.0059

2.19

W o o d 9 9 1 ) Pgm/Gpi

.0005

.0050

0.01

Woo(1991) Gpi/Adh

.0005

.0048

0.01

Woo(1991) Pgm/Adh

.0093

.0098

0.82

Mon(1990) Pgm/Gpi

.0064

.0159

0.20

A A B significantly different from 0 (P<0.001).
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Figure 5.1. Spatial distribution of plants in the two undisturbed natural populations
in which realized pollen dispersal was measured (Lyrebird Gully (Lyr) and Long
Acre (Lon)). Plants possessing unique alleles are indicated. Note that in 1991 in the
Lyrebird Gully population, plants 4 and 7 had died, and that not all plants were
included in the 1990 estimates. See also Table 5.6.
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Table 5.7. Neighbourhood and paternity pool area and size estimates derived from
realized pollen dispersal distances.

popn/yr/source

n

area

d

V

Wa

K

Pa

Ps

Lyr 1990 (DD)

18

4000

.003

52.9

332

1.0

1496

4.5

Lyr 1991 (DD)

26

6500

.002

299.8

1884

3.8

8477

16.9

Lyr 1991 (AD)

11

6500

.002

190.9

1199

2.4

5398

10.8

Lon 1991 (AB)

6

2000

.01

77.3

486

4.9

2186

21.9

975

3.0

4389

13.5

Mean

"Source" refers to the genotype of the paternal plant; n is the number of seeds that
were k n o w n to be fathered by the source plant; area is the total area of the study
population in m 2 , with density (d) in plants/m2; a p 2 is the axial variance of pollen
dispersal; JVa and Ne are the neighbourhood area and effective size estimates
respectively assuming normally distributed dispersal; P a and P s are the paternity pool
area (in m 2 ) and size, respectively.

61
5.4 Discussion

The characterisation of the mating system and pollen dispersal within the complex
species Persoonia mollis has revealed an apparent paradox. Pollen dispersal w a s
shown to be extremely restricted. Theoretical models and computer simulations
show that inbreeding and excess homozygosity are expected from such severely
restricted pollen dispersal (Brown 1979,1990; Turner et al. 1982). In contrast to
theoretical expectations though, these P. mollis populations were found to be
completely outcrossing. Indeed, an excess of heterozygotes w a s found in the progeny
cohort. Three possible explanations, namely (i) disassortative mating, (ii)
heterozygote advantage, and (iii) seed dispersal distances in excess of pollen
dispersal, are discussed in detail below. The latter appears the most likely
explanation of the apparent paradox, and suggests that restricted gene flow is not a
factor contributing to the morphological complexity within P. mollis.

Rates of outcrossing (t) in Persoonia mollis are among the highest recorded (Schemske
and Lande 1985; B r o w n 1979, 1990). P. mollis is clearly completely outcrossing in all
populations investigated. Elsewhere, I have used experimental self- and crosspollinations to show that these outcrossing rates are high because of a "pseudo" selfincompatibility mechanism preventing most, but not all, self-pollen tube growth in
the style (Krauss 1994a; Chapter 4). Even following successful pollination, there is a
strong preference for outcross pollen over self pollen both in terms of quantity and
quality of the seeds produced (Krauss 1994a; Chapter 4). Fruit-set following selfing
w a s 5 % that of outcrossed flowers, while fruit weight following selfing w a s 7 0 % that
of outcrossed flowers (Krauss 1994a; Chapter 4). The current study indicates that its
pollinators are effectively providing P. mollis plants with the pollen they prefer, in the
sense that all seeds are the product of fertilization between the maternal ovule and a
male gamete of different genotype. The amount of gene flow through pollen is
directly correlated to the amount of outcrossing. Therefore, complete outcrossing
within P. mollis means that the mating system promotes gene flow.

Some of the single- and multi-locus estimates of t were significantly in excess of unity
(Tables 5.3 and 5.4) and are therefore "biologically unreasonable". Violations of one
or more of the assumptions of the mixed mating model (Clegg 1980; B r o w n et al.
1985) will cause estimates of t to differ from their true value (Brown 1979, 1990). O n e
assumption is that the pollen involved in each outcrossing event is d r a w n at random
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from a uniform population of pollen (i.e. a randomly mating population) (Clegg 1980;
Brown et al. 1985). Estimates of realized pollen dispersal show that this assumption
is violated in P. mollis populations, where 7 0 % of all pollen dispersal from one plant
is on average to its immediate neighbour (Table 5.6).

Deviation from the mixed-mating model assumption of uniform pollen frequency
over maternal genotypes can also be caused by sub-population structure (Shaw et al.
1981; Hamrick 1982; Ennos and Clegg 1982; Ellstrand and Foster 1983). S o m e
contrived types of subpopulation structure, such as over-dispersed plantations of
genotypes, have lead to upward biases in estimates of t (e.g. Ellstrand and Foster
1983). However, an over-dispersed population structure is unlikely to be detected
with the present data set due to small population size, few loci and the generally
asymmetric allele frequencies. Further, it is unlikely that disassortative mating and
over-dispersion could be the case here for all loci in all populations.

In one population (Lyrebird Gully 1991), the multi-locus estimate of t (1.26 + 0.04)
was significantly higher than the m e a n single-locus estimate of t (1.07 + 0,06), which
suggests consanguineous mating (i.e. mating a m o n g close relatives) (Ritland and Jain
1981; S h a w et al. 1981). Over all populations, the m e a n multi-locus estimate of t w a s
approximately 1.2, while the overall m e a n single-locus estimate of t w a s 1.04.
However, there is no unambiguous genetic evidence to suggest the presence of
mating amongst close relatives within these populations. Although the relative
longevity of P. mollis plants provides the opportunity for parents and their offspring
to co-exist and therefore mate, this is unlikely as fire, which kills adult plants,
appears to promote seed germination (Abbott and van Heurck 1988). Seed dormancy
mechanisms within Persoonia (Abbott and van Heurck 1988) that delay germination
for up to three years (Fox et al. 1987), combined with extremely low to negligible seed
germination rates (Abbott and van Heurck 1988; pers. obs.), substantially decreases
the numbers of siblings germinating together. However, assuming a normal
distribution of seeds, some sib-mating would be expected. M o r e precise estimates of
mating system parameters are required to determine (i) the extent of apparent selfing
due to consanguineous matings (e.g. Ritland 1984), in contrast to (ii) disassortative
mating as an explanation of the estimates of t in excess of unity, as discussed above.

Since only one or two individuals in these populations carry rare markers,
generalizations to patterns of effective pollen dispersal m a y be difficult to m a k e
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(Hamrick and Schnabel 1985; A d a m s et al. 1992). This is particularly so if the rarity
of an allele is due to selection against it. However, in both the Lyrebird Gully and
Long Acre populations, the close agreement of the rare allele frequencies in the
maternal and progeny cohorts (Table 5.1) suggests that selection against the rare
allele, at least prior to germination of seed, is insignificant. Combined with
outcrossing rates at unity, these data further suggest no loss of pollen viability of
paternal plants relative to other plants in these populations and therefore the paternal
plants are contributing equally to the pollen pool. Although the use of rare alleles is
an accurate means of estimating realized pollen dispersal, the method is restricted to
special circumstances in natural populations. A s such, generalizations m a y be
difficult to support. However, it w a s the most appropriate technique to measure
realized pollen dispersal here, as a lack of m a n y polymorphic loci ruled out the use
of a paternity analysis approach (e.g. A d a m s et al. 1992). Even though only a small
number of paternal plants from different subspecies in populations of different
densities were used to estimate effective population size parameters in this study,
only a small range w a s found in these estimates (Table 5.7). This observation
provides support for the hypothesis of extremely restricted pollen dispersal within P.
mollis.

The estimates of paternity pool size for P. mollis are among the smallest recorded
(Levin 1988). These small paternity pools, and the high incidence of nearestneighbour pollination (on average 7 0 % of all pollinations), indicate clearly that each
of the sampled populations in this study does not constitute a panmictic unit. These
populations are effectively fractured into smaller, overlapping paternity pools. Small
paternity pools and nearest neighbour pollination result in differences in allelic
frequencies in the effective pollen pool of each plant within each population (i.e. the
Wahlund effect), as well as partial inbreeding through mating a m o n g inbred relatives
(i.e. consanguineous matings) (Hedrick 1985). These two factors (Wahlund effect and
consanguineous matings) should rapidly produce low levels of heterozygosity, high
fixation indices (F), and low outcrossing rates (t) (Brown 1979, 1990; Turner et al.
1982; Hedrick 1985). Contrary to expectations, Persoonia mollis exhibits complete
outcrossing and excess heterozygosity compared to Hardy-Weinberg expectations in
the seed cohort (F = -0.035). T w o explanations for the difference in homozygosity for
the model and for P. mollis are (i) there is selection for heterozygous seeds over
homozygous seeds during seed maturation, or (ii) seed dispersal is m u c h greater than
pollen dispersal.

64
In P. mollis it m a y be that the mating system is being maintained at, and in excess of,
complete outcrossing by the evolutionary pressure of heterozygote advantage.
Increased fitness associated with increased heterozygosity has been demonstrated in a
number of plant species (e.g. Ledig 1986; James and Kennington 1993), although other
studies have also s h o w n no relationship (Mitton and Grant 1984). The classical
expectation is that high levels of outbreeding should be favoured w h e n
heterozygosity enjoys an advantage (Maynard-Smith 1977). However, in m a n y
outbreeding species a general deficit of heterozygotes compared to panmictic
expectations has been found (Brown 1979). This has been termed the heterozygosity
paradox (Brown 1979). Conversely, a general excess of heterozygotes has been found
in m a n y inbreeding species. The most favoured explanation for excess heterozygosity
a m o n g inbreeders is heterozygote advantage for chromosomal segments that include
the marker loci (Brown 1979). The extent of heterozygote advantage in the seed
cohort in P. mollis needs to be more fully investigated, particularly as a study of
genetic structure within and a m o n g 18 populations of this species suggests no excess
of heterozygotes (FIS = 0.04) in the adults (Chapter 6).

The estimates of genetic neighbourhood size from pollen flow for P. mollis are among
the smallest recorded (Crawford 1984b; Cahalan and Gliddon 1985; Bos et al. 1986;
Govindaraju 1988; Levin 1988; Palmer et al. 1988; Y o u n g 1988; Epperson and Allard
1989; Broyles and Wyatt 1991; Fenster 1991; Eguiarte et al. 1993). These population
sizes, on the basis of pollen dispersal, are small enough for genetic differentiation in
the absence of selection to occur (Wright 1943,1946; Endler 1977), and for random
fluctuations in gene frequency to be important in evolution. However, a formal
estimation of the genetic neighbourhood size in P. mollis must also include the
contribution of seed dispersal.

Pollen dispersal has been shown to be much more important than seed dispersal in
m a n y bee pollinated plants (e.g. Levin and Kerster 1974; Beattie and Culver 1979;
Fenster 1991; Waser 1993). However, in these other studies seed dispersal has been
relatively passive, or with short range explosive mechanisms, or with short range
dispersers. P. mollis fruits are fleshy drupes that are primarily gravity dispersed and
secondarily eaten and dispersed by large birds that have often large ranges. The
potential, then, is for large distance dispersal of fruits and consequently dispersal
distances substantially greater than those of pollen. Consequently, the estimates of
neighbourhood area and size m a y be severely underestimated and seed dispersal
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m a y be a substantially larger component of gene flow than pollen dispersal.

Therefore, pollen dispersal creates paternity pools of extremely small size that
severely restrict gene flow a m o n g P. mollis individuals. However, seed dispersal and
the mechanisms affecting germination, coupled with outcrossing rates at unity,
appear to promote gene flow and ultimately a more homogeneous population
structure. O n e interpretation is that gene flow is sporadic, with dispersal by pollen
and seed over extremely short distances occurring most of the time but with
occasional dispersal by seed over m u c h longer distances occurring frequently enough
to produce genetic homogeneity. Indirect estimates of gene flow from data on
population structure would be expected to show estimates of gene flow in excess of
these direct estimates derived from data on realized pollen dispersal alone (Slatkin
1985a). Indirect estimates of gene flow within P. mollis from isozyme data support
this interpretation, and are discussed in detail in Chapter 6.
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CHAPTER SIX: PATTERNS OF GENETIC DIVERSITY A N D GENE FLOW
W I T H I N Persoonia mollis.

6.1 Introduction

The characterisation of geographic patterns of genetic differentiation and the
estimation of the extent of gene flow within species are essential for an
understanding of the relative importance of genetic drift and natural selection in
evolution. Yet the role of gene flow as a cohesive, creative or passive force remains
complex and controversial (Slatkin 1985a; 1987). For example, M a y r (1963,1992)
claimed that gene flow plays an important conservative role in maintaining cohesion
within species (see also Grant 1980,1981). According to Mayr's biological species
concept, a restriction in gene flow is a necessary precursor to divergence. Although
only a small amount of gene flow m a y be required to counteract the diversifying
effects of genetic drift (Wright 1931, 1943,1951) or w e a k selection (Jain and Bradshaw
1966; Endler 1973,1977), direct estimates of dispersal have suggested that gene flow
is m u c h more restricted within species than w a s commonly thought (Ehrlich and
Raven 1969; Slatkin 1985a). Particularly in plant spedes, m a n y direct estimates of
dispersal have suggested that gene flow is too low to have m u c h evolutionary
significance (e.g. Levin and Kerster 1974; Levin 1981, 1984; Crawford 1984b; Cahalan
and Gliddon 1985; Bos et al. 1986; Fenster 1991).

Two lines of evidence challenged the notion that gene flow is limited in most plant
species. Firstly, indirect estimates of gene flow from allozyme data are frequently
higher than direct estimates (Slatkin 1985a). Often, depending on the breeding
system, indirect estimates of gene flow are in excess of levels required for genetic
drift to play an important role in diversification (Slatkin 1985a; Hamrick 1987;
Govindaraju 1989; Hamrick and Godt 1990). Wright (1931) showed that significant
and stable differentiation will evolve as a result of genetic drift w h e n the absolute
number of effectively dispersing individuals (Nm) is, roughly, less than one per
generation, where N is the effective population size and m is the migration rate in an
infinite island model of population structure. The island model assumes that every
local population is equally accessible from every other. Secondly, studies using
paternity exclusion analysis (Ellstrand 1984) frequently reveal a significant proportion
of a population's seed crop to have been fathered b y individuals from outside the
population (Ellstrand and Marshall 1985; Ellstrand et al. 1989; Devlin and Ellstrand
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1990).

The differentiation of populations m a y also occur independently of gene flow (Endler
1973). Large differences in selective effects along an environmental gradient can be
strong enough to counter the homogenising effects of even large amounts of gene
flow (Jain and Bradshaw 1966; Endler 1973; 1977). Examples of gene flow between
well differentiated populations separated by stable hybrid zones (Barton and Hewitt
1985,1989), and between species that are distinct lineages (Templeton 1989), are well
known.

Clearly then, the patterns and effects of gene flow are complex and generalizations,
such as "gene flow is generally restricted in plants", are to be interpreted cautiously
because m a n y variables affect the level of gene flow in a species (Hamrick 1987;
Hamrick and Godt 1990), and m a y not necessarily reflect patterns of population
differentiation (Endler 1977). M o r e detailed studies are required, particularly from
species in unusual or complex environmental conditions (Slatkin 1985a).

Persoonia mollis is a remarkably variable species occuring naturally over a range of
environmental conditions, most strikingly on different substrates (see Chapter 3).
Nine allopatric and parapatric subspecies are currently recognised (Krauss and
Johnson 1991; Chapter 2). Detailed phenetic analyses of the morphological variation
within this species revealed marked heterogeneity a m o n g subspecies yet apparent
homogeneity within subspecies (see Chapter 3). Transition zones between parapatric
or neighbouring subspecies are extremely narrow in most cases, and often coincide
closely with transitions in substrate (Chapter 3). Eliminating phenotypic plasticity as
a factor (see Chapter 9), the morphological differentiation a m o n g P. mollis subspecies
can be currently affected by (a) restricted gene flow across transition zones allowing
demes of small effective size to differentiate randomly because of genetic drift; or (b)
locally variable selection of sufficient intensity to overide the homogenising effects of
gene flow across transition zones.

In this chapter, I assess the potential importance of drift and selection in the
morphologically diverse species P. mollis. Firstly, hierarchical patterns of genetic
diversity are examined over the geographic range of P. mollis using allozyme
polymorphisms. Secondly, allozyme data are used to m a k e indirect estimates of gene
flow (Nm) a m o n g populations within subspecies and species, and a m o n g subspecies,
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using Wright's F-statistics and the procedure of Slatkin (1985b). These indirect
estimates of Nm assume no selection a m o n g an infinite number of equal sized
populations, all exchanging an equal proportion of individuals each generation.
Under this scenario, an equilibrium is established between the differentiating effects
of genetic drift and the homogenizing effects of gene flow, such that the degree of
genetic differentiation a m o n g populations has a simple relationship to gene flow. By
measuring genetic differentiation, and assuming the conditions of the model, it is
possible to get an indirect estimate of gene flow (Wright 1931; Slatkin 1985a,b). The
limiting effects of these assumptions in natural populations have been addressed by
Porter (1990). Of these, net balancing selection and hidden variation both overestimate gene flow and are most likely to cause bias in gene flow estimation (Porter
1990). Estimates of Nm a m o n g subpopulations in excess of one are interpreted as
suggesting that selection rather than drift has played a more important role in the
differentiation within P. mollis (Slatkin 1985a).

6.2 Materials and methods

6.2.1 Sampling

Two populations from each of the nine subspecies within P. mollis were sampled.
T w o exceptions to this were subsp. maxima, where only one population w a s sampled
because it w a s the only k n o w n population of this subspecies, and subsp. nectens,
where three populations were sampled because two were small in size. The locations
of these populations are s h o w n in Fig. 6.1 and described in Table 6.1. Sampling
involved the random collection of at least 2 buds from each plant just prior to
anthesis. These were immediately stored in liquid nitrogen and later at -80° C until
electrophoresis. Sample sizes ranged from between 8 and 86 plants. Sample sizes
less than 70 indicate that the entire population w a s sampled. Sample sizes between
70 and 86 were random samples of larger populations. These sample sizes were
chosen so as to minimise cost whilst maximising the probability of detecting rare
alleles. A s the number of times that an allele A is observed in a r a n d o m sample of n
individuals follows a binomial distribution with parameters n = 2 N (i.e. 2 N haploid
genomes) and p = the frequency of A, then the probability that allele A will not be
detected (i.e. represented in a sample) is given by: prob (A undetected) = (l-p)2*1
(Swofford and Berlocher 1987). Therefore, there is only a 5 % chance that an allele
occurring at a frequency of 0.02 will not be detected w h e n the sample size is 75. The
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Figure 6.1. The location of 18 populations of Persoonia mollis that were each sampled
for allozyme diversity at 11 variable loci.

Table 6.1. Locations and site descriptions for each of 18 Persoonia mollis populations
sampled for variation in allozymes.

subsp. mollis
1. M u r p h y s Glen ( M U R ) : c. 5 k m S of Woodford train station, Blue Mountains
National Park. 33°45'S 150°29'E. Sheltered Gully on sand over Hawkesbury
Sandstone. With Syncarpia glomulfera, Eucalyptus sclerophylla, E. piperita, Angophora
costata, Hakea dactyloides, Grevillea mucronulata, Leptospermum trinervium, Acacia
terminalis.
2. Waratah ( W A R ) : Waratah Park, c. 6 k m S W of Bilpin, Blue Mountains National
Park. 33°32'S 150°28'E. SE facing slope on sand over Hawkesbury Sandstone. With
Syncarpia glomulfera, Eucalyptus piperita, E. deanei, E. blaxlandii, Angophora costata,
Telopea speciossima, Persoonia levis, Acacia terminalis.

subsp. maxima
1. Lyrebird Gully (LYR): c. 800 m W N W of M t Ku-Ring-Gai train station. 33°38'S
151°08'E. Sheltered gully along creek edge on sand over Tertiary Hawkesbury
Sandstone. With Callicoma serratfolia, Angophora costata, Ceratopetalum gummferum,
Eucalyptus pilularis, Persoonia levis.

subsp. nectens
1. Loddon Falls (LOD): 34°17'S 150°54'E. Gentle E facing slope bordering sedge
s w a m p and creek on sand over Hawkesbury Sandstone. With Eucalyptus gummfera,
Banksia oblongfolia, Hakea, Persoonia levis, Lepyrodia.
2. M t Kembla (KEM): S u m m i t of M t Kembla. 34°26'S 150°48'E. Slight S facing slope
on sand over Hawkesbury Sandstone. With Eucalyptus sieberi, Leptospermum
trinervium, Lomandra, Allocasuarina glauca, Acacia ulicfolia.
3. Sublime Point (SUB): Old Princes H w y , c. 1.5 k m N of Sublime Point Lookout.
34°16'S 150°55'E. Slight W facing slope bordering sedge s w a m p on sand over
Hawkesbury Sandstone. With Eucalyptus gummfera, E. sieberi, Doryanthes excelsa,
Leptospermum trinervium, Lepyrodia.

subsp. ledifolia
1. Red Rocks (RED): Red Rocks Nature Reserve, c. 3 k m W of Cambewarra Rd.
34°49'S 150°32'E. Plateau, on sand over Hawkesbury Sandstone. With Eucalyptus
gummfera, E. sieberi, E. urceolaris, Syncarpia glomulfera, Banksia serrata, B. paludosa,
Leptospermum trinervium.

...cont'd

Table 6.1. (confd)

2. Meryla State Forest (MER): Meryla Rd, c. 200 m N of Bundanoon creek, Meryla
State Forest. 34°39'S 150°25'E. Undulating plateau, on sand over Hawkesbury

Sandstone. With Eucalyptus sclerophylla, Persoonia levis, P. lanceolata, Lambertia formos
Leptospermum trinervium, Acacia terminalis.

subsp. revoluta
1. Soapy Flat (SOA): Between W o m b e y n Caves R d and Soapy Flat Rd, c. 12 k m
W N W of Mittagong. 34°23'S 150°18'E. Deep sand flat over Hawkesbury Sandstone.
With Eucalyptus sclerophylla, E. piperita, E. sieberi, Banksia spinulosa, Leptospermum
trinervium, Persoonia linearis, Hakea dactyloides.
2. Belanglo State Forest (BEL): c. 800 m S of Forest Headquarters, Belanglo State
Forest. 34°32'S 150°12'E. Partly cleared D S F near Pine forest on deep sand flat over
Hawkesbury Sandstone. With Eucalyptus sclerophylla, Pinus radiata, Leptospermum
trinervium, Petrophile pedunculata.

subsp. leptophylla
1. Y a r r a m u n m u n Fire Trail (YAR): 3.3 k m N of Turpentine R d along Y a r r a m u n m u n
Fire Trail. 35°05'S 150°22'E. Plateau, on shallow sand over N o w r a Sandstone. With
Eucalyptus sclerophylla, E. mannfera, E. agglomerata, Leptospermum trinervium, Lambertia
formosa, Acacia terminalis, Banksia spinulosa, Pimelea linfolia, Isopogon anethfolius.
2. Billys HUI (BIL): c. 200 m E of Tolwong R d turnoff on Turpentine Rd. 35°05'S
150°09'E. Plateau, bordering sedgeland on shallow sand over N o w r a Sandstone.
With Eucalyptus sclerophylla, E. mannfera, Leptospermum trinervium, Hakea dactyloides,
Persoonia levis, Acacia terminalis, Lambertia formosa, Isopogon anethfolius.

subsp. livens
1. Governors Hill (GOV): Governors Hill, eastern outskirts of Goulburn, N side of old
H u m e H w y . 34°45'S 149°46'E. E facing slope of hillside, on coarse soils over
Ordovician metasediments. O p e n eucalypt woodland with a sparse understorey with
Eucalyptus rossii, E. macrorhyncha, Persoonia linearis.
2. Mayfield ( M A Y ) : 3 k m S of Boro River crossing on Mayfield to Braidwood Rd.
35°14'S 149°48'E. Gently undulating plain, on chalky sand over Ordovician
metasediments. O p e n eucalypt woodland with a sparse understorey with Eucalyptus
rossii, E. mannferra, Leptospermum trinervium, Banksia spinulosa, Restiofimbriatus.
...cont'd

Table 6.1. (confd)

subsp. caleyi
1. Conjola State Forest (CON): c. 1 k m SE of Princes H w y along Old Red Head Rd.
35°10'S 150°28'E. Undulating plain, on sand over Wandrawandian Siltstone. With
Syncarpia glomulfera, Banksia spinulosa, Persoonia linearis, Acacia, Pimelea.
2. W o o d b u r n State Forest ( W O O ) : c. 2.6 k m W of Princes H w y along The
Wheelbarrow Rd. 35°24'S 150°23'E. Undulating plain, on sand over Wandrawandian
Silstone. With Syncarpia glomulfera, Eucalyptus gummfera, Leptospermum trinervium,
Lambertia formosa, Banksia spinulosa, Isopogon anemonfolius, I. anethfolius.

subsp. budawangensis
1. M t Budawang (BUD): c. 300 m below the summit of M t Budawang along Fire Trail,
Budawang National Park. 35°29'S 150°00'E. In slight saddle and step N and E facing
slopes, on sandy soil over Upper Devonian Merimbula formation quartzite. With
Eucalyptus sieberi, E. urceolaris, E. fraxiaoides, Banksia paludosa.
2. M o n g a State Forest ( M O N ) : c. 700 m S of Kings H w y along Corn Trail Rd. 35°35'S
149°58'E. O n broad ridge bordering sedgeland on sandy soil over Upper Devonian
Merimbula formation quartzite. With Eucalyptus sieberi, Banksia paludosa, B. spinulosa,
Leptospermum trinervium.

note that all geological categories drawn from the Sydney Basin 1:500,000 Geological
M a p (1967).
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same probability for an allele with frequency of 0.01 requires twice the sample size.

6.2.2 Electrophoresis

For each individual, eight whole anthers were removed from two buds and ground
in chilled ceramic spot plates in one drop of Tris-HCI p H 7,5 grinding buffer (Soltis et
al. 1983), and the extract soaked onto paper wicks which were then loaded into gels
for electrophoresis.

An extensive range of enzymes, buffers and running conditions were tested, and only
optimal conditions that produced clearly variable and reproducible results are
reported here. Electrophoresis w a s conducted with 1 2 % w / v starch gels in either a
Tris-maleate (TM) buffer solution at p H 7.4 (Selander et al. 1971), or a Tris-BorateE D T A (TBE) buffer solution at p H 8.6 (Wendel and W e e d e n 1989). Gels were run for
16 hours at 4°C, and at 90 m A for T M systems, and 120 V for T B E systems. T M
system gels were stained for phosphoglucomutase ( P G M , E.C. 5.4.2.2), glucosesphosphate isomerase (GPI, E.C. 5.3.1.9), and phosphogluconate dehydrogenase (PGD,
E.C. 1.1,1.44), T B E system gels were stained for aspartate aminotransferase (AAT,
E.C. 2.6.1.1), and peptidase (PEP, with a substrate of L-leucyl-L-tyrosine, E.C. 3.4.-.-).
Stain recipes were taken from Wendel and W e e d e n (1989), except for PEP, which w a s
as follows: L-Leucyl-L-Tyrosine (20mg) and O-Dianisidine (5mg) dissolved in 2 drops
0.1 M HCI, with L-Amino Acid Oxidase (5mg), Horseradish Peroxidase (5mg) and 25
ml phosphate buffer, p H 7.

The genetic basis of allozyme banding patterns was confirmed for PGM, GPI, and
A A T loci by segregation patterns in seeds following both controlled and open
pollination (see Chapters 5 and 8 for P G M and GPI). For P G D and P E P loci, the
genetic basis of allozyme banding patterns was inferred from segregation patterns
with reference to typical subunit structure (Kephart 1990). For enzymes with more
than one locus, isozymes and alleles were numbered sequentially, with the most
anodal (i.e. fastest running) being designated first.

6.2.3 Analyses

Standard estimates of genetic variability (i.e. mean number of alleles per locus,
percentage of loci polymorphic, observed and expected (unbiased by sample size)
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heterozygosity averaged over all loci, and Wright's fixation index (F)) were calculated
for each population. Wright's fixation index gives the proportional increase of
homozygosity in excess of that expected under panmixia (the Hardy-Weinberg
expectation). The deviation of F from 0 w a s tested by x2[i] = nF2, where n = the m e a n
number of individuals in the population (Nei 1987). Each variable locus in each
population w a s tested for departures from Hardy-Weinberg equilibrium by exact tests
(Haldane 1954) using BIOSYS-1 (Swofford and Selander 1981) where, in the case of
more than 2 alleles at a locus, genotypes were pooled into 3 classes. Exact tests
(which are analagous to Fisher's exact test for a 2x2 contingency table) calculate the
probability that the observed sample could be drawn from the population by chance
if the null hypothesis ( H - W equilibrium) held true (Lessios 1992). Exact tests are not
adversely affected by small expected values, and thus m a y be the only valid test
w h e n sample sizes are small and some alleles are rare (Lessios 1992). Significance
levels were adjusted by the standard Bonferroni technique of dividing the predetermined significance level (P=0.05) by the number of tests (116) to obtain the
corrected significance level (P=0.0004) (Lessios 1992).

6.2.3.1 F-statistics

Population structure was initially assessed by Wright's F-statistics (Wright 1951)
using the procedures of Weir and Cockerham (1984), where F = F^, the correlation of
genes within individuals, 0 = FST, the correlation of genes of different individuals in
the same population, and / = FIS, the correlation of genes within individuals within
populations. These three parameters are related b y / = (F - 0)/(l - 0) (Weir and
Cockerham 1984). For neutral alleles, F^ measures the extent of inbreeding in the
entire sample and FIS measures the inbreeding due to nonrandom mating in each
population. F ST is a measure of the differentiation of populations relative to the
limiting amount under complete fixation, and ranges from 0 (undifferentiated
populations) to 1 (complete fixation a m o n g populations) (Wright 1978). Estimates
were obtained by jackknifing over populations for each locus, and jackknifing over
loci for the total using the program D I P L O I D (Weir 1990). Estimates of Nm

were

calculated from F^ (described below). At each locus, the standard deviation of 6 w a s
converted to 9 5 % confidence limits, and Nm calculated for 0 +/- 9 5 % confidence
interval. Estimates of Nm are expected to be the same for selectively neutral loci
(Wright 1978; Slatkin 1985a).
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6.2.3.2 Gene diversity

The partitioning of genetic variation at each hierarchical level (i.e. within populations,
a m o n g populations within subspecies, a m o n g subspecies within the species, and
a m o n g populations within the species) w a s estimated by gene diversity statistics
unbiased for sample size (Nei 1973, 1977; Nei and Chesser 1983). In gene diversity
analysis, each locus is assumed to be in Hardy-Weinberg equilibrium as only the
expected heterozygosities are considered. A n advantage of using gene diversity
analysis for the analysis of the distribution of genetic variation is that no assumptions
are required about the various factors that caused the differentiation of the
populations (Nei 1986).

The total gene diversity (HT) (where HT at a single locus is the unbiased
heterozygosity expected under Hardy-Weinberg equilibrium (Nei 1973; Nei and
Chesser 1983)) w a s partitioned hierarchically as follows: H T = H P + D P S + D S T , where D P S
= H s - H P is the gene diversity a m o n g populations within subspecies, D ^ = H T - H s is
the gene diversity a m o n g subspecies within the total gene diversity, and H P and H s
are the unbiased gene diversities within populations and subspecies respectively.
The ratios of D PS , Dgr and Dpj- to the total gene diversity H T were calculated to assess
the proportion of gene diversity at each hierarchical level. Thus G P S = (H s - H P ) / H T ,
G S T = (H T - H S ) / H T and G ^ = (H T - H P ) / H T , where H P , H s and H T were first averaged
over loci. The error of G ^ w a s approximated over estimates of Gxy for each locus.
Calculations were performed using G E N E S T A T - P C 3.3 (Whitkus 1988).

6.2.3.3 Genetic distance

Overall similarity of populations was assessed by Nei's genetic distance, unbiased for
sample size (Nei 1978). Results are presented graphically by the ordination
procedure non-metric multidimensional scaling (Kruskal and W i s h 1978; Lessa 1990:
see Chapter 3 for a detailed discussion of this procedure).

6.2.3.4 Gene flow

Average levels of gene flow (Nm) were estimated indirectly from data on genetic
structure and from the average frequency of alleles found in only one sample (p(D).
In extensive simulation studies, Slatkin and Barton (1989) found these two methods to
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be consistent estimators of Nm over a wide range of assumptions about population
structure, selection and mutation. The first procedure is based on the relationship
shown by Wright (1931) between Nm and the standardised variance in allele
frequencies a m o n g local populations (FST) such that Nmv = [1/F^r -1]/4 for neutral
alleles. W h e n N is approximately equal in all subpopulations, Nm is an estimate of
the average number of migrants exchanged a m o n g subpopulations per generation.
Gene flow can be estimated at different hierarchical levels from gene diversity
statistics by substituting G ^ for FST. 9 5 % confidence intervals for Nm were estimated
by calculating Nm for G ^ +/- 9 5 % confidence level. 9 5 % confidence intervals for G ^
were derived from variance estimates over loci.

The second method for estimating gene flow uses the average frequency of alleles
that are found in only one sample (p(D) for samples of alleles taken from several
different locations (Slatkin 1981,1985b). Slatkin (1985b) found that log10[p(l)] is
approximately linearly related to log10(Nm) such that log10[p(l)] = a log 10 (Nm p ) + b,
where a and b depend on the number of individuals sampled from each population.
For 25 individuals per sample, a = -0.550 and b = -2.440 (Barton and Slatkin 1986).
Estimates of Nm were obtained in this manner, and corrected for differences in
sample sizes by dividing 25 with the true average sample size and multiplying this
ratio by the estimated Nm?

(Slatkin 1985b). Although this correction does not work

exactly, it does obtain estimates that are the correct order of magnitude (Barton and
Slatkin 1986).

The distribution of genetic diversity and levels of gene flow were subsequently
investigated in more detail within each subspecies, within the entire population
leaving out each subspecies in turn, and within and between neighbouring
subspecies. Leaving out each subspecies in turn can reveal if one subspecies is
effectively isolated from the rest, as Nm would be higher for those remaining w h e n
the isolated subspecies w a s removed (Slatkin 1985b). Estimates of Nm within and
between neighbouring subspecies were used to test whether gene flow across the
geographic boundaries between subspecies w a s significantly lower then that within
each subspecies by calculating 9 5 % confidence intervals for each Nm.

6.3 Results

Allele frequencies and sample sizes for 11 variable loci in 18 populations of P. mollis
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are s h o w n in Table 6.2. Significant differences a m o n g populations were found in
allele frequencies for all loci except Pgd-2. However, for most loci, significant
deviation in the frequency of the most c o m m o n allele w a s restricted to one or a few
populations. For example, in only 3 of 18 populations w a s the frequency of the most
c o m m o n allele less than 0.90 at the Aat-1 locus. The locus Aat-3 w a s an exception to
this in being highly variable across most populations, as well as exhibiting a clinal
pattern of change a m o n g populations (Fig. 6.2). At only one other locus (Gpi-2) did a
population (Lyrebird Gully) possess a most c o m m o n allele that w a s different from
the most c o m m o n allele shared by all other populations.

Estimates of genetic variability for P. mollis based on 11 variable loci in 18
populations are s h o w n in Table 6.3. The unbiased expected heterozygosity (H E )
varied a m o n g populations from a low of 0.023 at M t Kembla to a high of 0.206 at
Governors Hill. There w a s a clinal trend for the southern populations to show higher
levels of genetic diversity as estimated by H E (Table 6.3). Estimates of Wrights
fixation index (F) were not significantly different from zero in any population,
although an F of 0.336 w a s obtained for the extremly small and disjunct population
Lyrebird Gully (subsp. maxima) (Table 6.3). However, the m e a n F of 0.049 (s.e. 0.022)
was in excess of 0 (t-test; P<0.05), indicating an overall deficit of heterozygotes
compared to that expected under panmixia. N o significant departures from H - W
equilibrium were detected following 116 exact tests with Bonferonni adjusted
significance levels.

Estimates of Wright's F-statistics calculated by the procedures of Weir and
Cockerham (1984) for 11 loci within P. mollis are shown in Table 6.4. For all loci, G
was in excess of 0 (t-test; P<0.05) indicating significant population structure. The
total/of 0.039 (s.e. = 0.020) w a s not significantly different from 0 (t-test; P>0.05),
indicating an absence of inbreeding due to nonrandom mating within populations.
Estimates of gene flow derived from 0 were consistent across all loci except Pgd-2 and
Pep-1 (Table 6.4). The significantly inflated estimates of Nm at these two loci
compared to all others suggests stabilizing selection operating on these two loci.
However, the effect on the overall estimate of Nm w a s minor, as the 9 5 % C.L around
the m e a n of Nm within P. mollis jackknifed over all 11 loci w a s 1.00 - 1.22, compared
to 0.92 -1.10 w h e n jackknifed over 9 loci (i.e. all except Pgd-2 and Pep-1).

The total unbiased gene diversity (HT) for P. mollis was 0.139, with 82.5% of this

Table 6.2. Allele frequencies, relative mobilities and sample sizes for 11 polymorphic
loci in 18 populations of Persoonia mollis. Population codes as in Table 6.1.

BEL

SOA

MUR

WAR

LYR

LOD

Pgm-1
1 1.36
2 1.25
3 1.18
4 1.09
5 1.00
6 0.89

73

41

73

72

15

.000
.007
.000
.000
.993
.000

.024
.000
.000
.000
.976
.000

.000
.000
.205
.000
.774
.021

.000
.000
.160
.000
.840
.000

.000
.000
.100
.000
.900
.000

Gpi-1
1 1.09
2 1.00

73

41

73

72

.000
1.000

.000
1.000

.116
.884

Gpi-2
1 1.14
2 1.00
3 0.90

73

41

.007
.993
.000

.073
.927
.000

Aat-1
1 1.11
2 1.05
3 1.00
4 0.89
5 0.82

73

SUB

KEM

RED

15

8

52

74

.000
.000
.000
.000
1.000
.000

.000
.000
.125
.000
.875
.000

.000
.000
.000
.000
1.000
.000

15

15

8

52

74

.000
1.000

.000
1.000

.000
1.000

.000
1.000

.000
1.000

.000
1.000

73

72

15

15

8

52

74

.000
1.000
.000

.000
1.000
.000

.000
1.000
.000

.000
1.000
.000

.000
1.000
.000

.000
.993
.007

41

74

72

15

15

8

52

.000
.000
1.000
.000
.000

.000
.000
1.000
.000
.000

.000
.216
.784
.000
.000

.000
.007
.993
.000
.000

.000
.000
1.000
.000
.000

.000
.000
1.000
.000
.000

.000
.000
1.000
.000
.000

.000
.000
1.000
.000
.000

73

41

74

72

15

15

8

52

74

.000
1.000
.000

.000
1.000
.000

.007
.993
.000

.007
.993
.000

.433
.567
.000

.000
1.000
.000

.000
1.000
.000

.019
.981
.000

.000
.993
.007

Aat-3
1 1.36
2 1.00
3 0.60

73

40

74

72

15

15

8

52

74

.192
.740
.068

.363
.425
.213

.000
.818
.182

.000
.917
.083

.000
.913
.087

.000
.919
.081

Pgd-1
1 1.07
2 1.00
3 0.96
4 0.90

73

41

71

72

15

15

8

52

74

.014
.979
.000
.007

.061
.939
.000
.000

.127
.845
.000
.028

.000
1.000
.000
.000

.000
1.000
.000
.000

.000
1.000
.000
.000

.000
1.000
.000
.000

.000
1.000
.000
.000

.007
.993
.000
.000

74

72

15

15

8

52

.000
.000
.993
.007

.000
.049
.951
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

Aat-2
1 1.08
2 1.00
3 0.83

Pgd-2
1 1.11
2 1.06
3 1.00
4 0.86

...cont'd

73

41

.000
.000
1.000
.000

.000
.012
.988
.000

.000
.467
.533

.000
1.000
.000

.000
.533
.467

.125
.688
.188

.000
.007
.000
.000
.993
.000

74
.000
.000
.980
.020
.000

74
.000
.007
.993
.000

Table 6.2 (conf d)

74

72

15

15

8

52

74

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

41

66

72

15

8

52

74

.000
.000
1.000
.000

.000
.114
.864
.023

.000
.063
.938
.000

.000
.000
.971
.029

.000
.189
.757
.054

61

41

66

72

15

15

8

52

74

.779
.221

1.000
.000

1.000
.000

1.000
.000

1.000
.000

1.000
.000

1.000
.000

1.000
.000

1.000
.000

MER

CON

WOO

BUD

MON

GOV

MAY

BIL

YAR

Pgm-1
1 1.36
2 1.25
3 1.18
4 1.09
5 1.00
6 0.89

82

75

77

71

86

81

74

75

71

.000
.000
.006
.000
.970
.024

.000
.273
.000
.000
.727
.000

.000
.221
.000
.000
.779
.000

.000
.437
.000
.000
.563
.000

.000
.442
.006
.017
.535
.000

.000
.000
.000
.000
1.000
.000

.000
.000
.000
.000
1.000
.000

.000
.053
.000
.000
.947
.000

.000
.120
.000
.000
.880
.000

Gpi-1
1 1.09
2 1.00

82

75

77

71

86

81

74

75

71

.000
1.000

.000
1.000

.000
1.000

.000
1.000

.000
1.000

.000
1.000

.000
1.000

.000
1.000

Gpi-1
1 1.14
2 1.00
3 0.90

82

75

77

71

86

81

74

75

71

.006
.933
.061

.087
.833
.080

.000
.935
.065

.000
.965
.035

.000
.884
.116

.000
1.000
.000

.250
.750
.000

.013
.927
.060

.000
.986
.014

Aat-1
1 1.11
2 1.05
3 1.00
4 0.89
5 0.82

82

74

77

71

86

81

74

73

71

.000
.000
.994
.006
.000

.007
.035
.901
.056
.000

.000
.000
.924
.076
.000

.000
.000
.605
.395
.000

.000
.000
.514
.486
.000

.007
.007
.966
.021
.000

.000
.007
.986
.000
.007

Aat-2
1 1.08
2 1.00
3 0.83

82

74

77

71

86

81

74

75

71

.000
.982
.018

.000
.993
.007

.000
1.000
.000

.014
.972
.014

.000
.988
.012

.000
1.000
.000

.007
.993
.000

Art-3
1 1.36
2 1.00
3 0.60

82

74

77

71

86

81

74

75

70

.266
.636
.097

.014
.979
.007

.035
.965
.000

.438
.160
.401

.189
.595
.216

.213
.660
.127

.200
.779
.021

Pgd-3
1 1.42
2 1.24
3 1.00
4 0.85

73

41

.041
.000
.959
.000

.000
.024
.976
.000

Pep-1
1 1.18
2 1.08
3 1.00
4 0.94

63
.000
.000
1.000
.000

Pep-2
1 1.00
2 0.90

...cont'd

.037
.000
.963
.000
.000

.024
.939
.037

.000
.000
1.000
.000
.000

.196
.797
.007

.000
.000
1.000
.000

15
.000
.000
.933
.067

.000
1.000

.000
.000
1.000
.000

.000
1.000
.000

.000
.993
.007

Table 6.2 (conf d)

Pgd-1
1 1.07
2 1.00
3 0.96
4 0.90

82

74

77

70

80

81

74

72

67

.006
.890
.104
.000

.007
.973
.020
.000

.000
.987
.013
.000

.000
.864
.007
.129

.000
.637
.094
.269

.000
.778
.222
.000

.000
.973
.027
.000

.000
.736
.257
.007

.022
.799
.157
.022

Pgd-2
1 1.11
2 1.06
3 1.00
4 0.86

82

75

77

71

86

81

74

75

71

.000
.000
.970
.030

.000
.007
.993
.000

.000
.000
.987
.013

.000
.021
.972
.007

.000
.000
.988
.012

.000
.000
1.000
.000

.000
.000
.993
.007

Pgd-3
1 1.42
2 1.24
3 1.00
4 0.85

82

75

77

71

86

81

74

75

71

.000
.000
1.000
.000

.013
.027
.960
.000

.032
.013
.955
.000

.000
.007
.993
.000

.000
.017
.983
.000

.000
.247
.728
.025

.000
.007
.993
.000

.007
.007
.987
.000

.007
.007
.958
.028

73

71
.014
.042
.901
.042

.000
.000
1.000
.000

Pep-1
1 1.18
2 1.08
3 1.00
4 0.94

72

68

77

71

86

75

74

.000
.014
.903
.083

.000
.022
.838
.140

.006
.032
.857
.104

.000
.014
.972
.014

.000
.000
1.000
.000

.000
.000
1.000
.000

.000
.000
1.000
.000

.007
.021
.890
.082

Pep-2
1 1.00
2 0.90

72

69

77

71

86

52

47

73

.924
.076

1.000
.000

1.000
.000

1.000
.000

1.000
.000

.731
.269

.585
.415

.952
.048

.007
.000
.986
.007

71
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Figure 6.2. Geographic variation in the frequency of 3 alleles at the Aat-3 locus within
each of 18 populations of Persoonia mollis. See also Table 6.2

Table 6.3. Estimates of genetic variability for Persoonia mollis based on 11 variable loci
in 18 populations. A = m e a n number of alleles per locus; P = percentage of loci
polymorphic; H 0 = observed heterozygosity averaged over all loci; H E = HardyWeinberg expected heterozygosity (unbiased); F = Wrights fixation index; s.e. in
parentheses.

Population

N

A

P

H0

HE

BELANGLO

71.0

1.7

54.5

(.2)

.083
( .045)

.024

(1.3)

.081
(.044)

40.9

1.6
(.2)

54.5

.090
( .053)

.093
( .058)

.032

2.0
(.2)

72.7

.159
( .046)

.159
( .046)

.000

( .9)

WARATAH

72.0
( .0)

1.5
(.2)

54.5

.067
( .031)

.060
( .027)

-.117

LYREBIRD

15.0
( .0)

1.3
(.1)

27.3

.073
( .046)

.110
( .062)

.336

LODDON FALLS

15.0
( .0)

1.2
(.1)

18.2

.061
( .049)

.059
( .047)

-.034

SUBLIME PT

8.0
( .0)

1.3
(.2)

18.2

.057
( .039)

.067
( .049)

.149

MT KEMBLA

52.0
( .0)

1.3
(.1)

27.3

.021
( .016)

.023
( .015)

.087

RED ROCKS

74.0
( .0)

1.8
(.2)

72.7

.059
( .035)

.059
( .036)

.000

MERYLA

80.2
(1.2)

2.3
(.2)

81.8

.091
( .021)

.090
( .020)

-.011

CONJOLA

73.5
( .8)

2.2
(.3)

72.7

.133
( .050)

.133
( .047)

.000

WOODBURN

77.0
( .0)

2.1
(.3)

72.7

.119
( .049)

.127
( .052)

.063

BUDAWANG

70.9

2.5
(.3)

81.8

.109
(.047)

.110
( .045)

.009

SOAPY FLAT

( .1)
MURPHYS GLEN 72.1

( .1)
...cont'd

F

Table 6.3 (conf d)

MONGA
GOV. HILL
MAYFIELD
BILLYS HILL

85.5
( .5)

2.0

77.8
(2.6)

1.6

71.5
(2.5)

1.8

74.2
( .4)

YARRAMUNMUN 70.5
( .4)

MEAN

72.7

.128
.128
( .052)

.139
.139
( .060)

.079

45.5

.181
.181
( .068)

.206
.206
( .074)

.121

72.7

.178
.178
( .071)

.185
.185
( .073)

.038

72.7

.124
.124
( .046)

.139
.139
( .051)

.108

81.8

.116
.116
( .042)

.116
.116
( .041)

.000

58.6

.103

.109

.049

(.3)

(.2)

(.2)

2.5
(.3)

2.6
(.3)

1.85

s.e.

.022

note: A locus is considered polymorphic if more than one allele was detected;
expected heterozygosities are unbiased estimates (see Nei, 1978).

Table 6.4. F-statistics for Persoonia mollis calculated by the procedures of Weir and
Cockerham (1984), with estimates obtained by jackknifing over 18 populations at each
locus, and by jackknifing over 11 loci for the total. Total1 are estimates jackknifed
over 9 loci (all except Pgd-2 and Pep-1). Standard deviations are in parentheses.
Estimates of gene flow (Nm (95% C D ) are the 9 5 % confidence intervals around the
mean of Nm calculated from 0.

locus

F

e

/

Nm ( 9 5 % C.L)

Pgm-1

.204
(.064)

.225
(.049)

-.028
(.031)

0.75-0.99

Gpi-1

-.000
(.000)

.214
(.104)

-.241
(.117)

0.69-1.29

Gpi-2

.202
(.073)

.136
(.056)

.075
(.039)

1.27-2.06

Aat-1

.286
(.062)

.297
(.076)

-.012
(.054)

0.50-0.72

Aat-2

.269
(.206)

.252
(.189)

.017
(.021)

0.47-1.33

Aat-3

.232
(.084)

.216
(.087)

.021
(.022)

0.72-1.20

Pgd-1

.224
(.063)

.134
(.030)

.103
(.047)

1.43-1.85

Pgd-2

-.008
(.002)

.012
(.008)

-.020
(.009)

15.38-31.00

Pgd-3

.291
(.197)

.190
(.117)

.109
(.091)

0.76-1.64

Pep-1

.169
(.039)

.067
(.023)

.111
(.046)

2.96-4.21

Pep-2

.341
(.097)

.245
(.077)

.125
(.057)

0.63-0.96

total

.216
(.013)

.185
(.022)

.039
(.020)

1.00-1.22

total1

.224
(.013)

.199
(.018)

.032
(.020)

0.92-1.10
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variation occurring within populations and 21.7% a m o n g populations (Table 6.5).
The m e a n gene diversity per population w a s 0.109. The loci contributing most to this
genetic differentiation were Aat-2, Aat-1, Gpi-2, Pep-2, and Pgm-1. W h e n the 21.7% of
the gene diversity apportioned a m o n g populations w a s partitioned into within and
a m o n g subspecies components, 17.9% w a s attributed to differences a m o n g subspecies,
with only 3.8% attributed to differences a m o n g populations within subspecies (Table
6.5). For comparison to Hamrick and Godt (1990), the biased estimates of the
distribution of gene diversity were G P S = 0.022, G S T = 0.157, and G ^ = 0.179.

The ordination of populations based on Nei's (1978) unbiased genetic distance reveals
the relative distinctness of the subsp. livens and subsp. maxima populations from all
others (Fig. 6.3). Also striking is the relative concordance of genetic distance to
geographical distance (with the notable exception of subsps. budawangensis and livens
populations), which is s h o w n more clearly by plotting genetic distance against
geographic distance (Fig. 6.4a). This plot suggests an isolation by distance (Wright
1943, 1946) model of population structure within P. mollis because of a significant
correlation between geographic and genetic distance (r=0.319, P=0.000), although
there is a wide dispersion of points suggesting other confounding factors. Closer
examination of Fig. 6.4a reveals that almost all points above the locally weighted
scatterplot line of best fit (Wilkinson 1992) involve the populations from subsps.
livens, maxima and budawangensis. Plotting genetic distance against geographic
distance for all populations except those from subsps. livens, maxima and
budawangensis reveals a spread of points with little correlation between genetic and
geographic distance (Fig. 6.4b; r=0.211, P=0.063). This result does not support an
isolation by distance model.

At each hierarchical level within P. mollis, both indirect estimates of Nm (from Fstatistics and the m e a n frequency of private alleles) were very similar (Table 6.6).
Assuming all populations to be in equilibrium, the number of migrants per
generation (Nm) w a s estimated on average to be approximately 6 a m o n g populations
within subspecies, approximately 2 a m o n g subspecies, and approximately 1 a m o n g
populations within the species (Table 6.6).

Examining each subspecies in turn, estimates of NmF between populations within
each subspecies were consistent across subspecies and significantly in excess of 1 in
all cases with means ranging from 2.74 to 31.0 (Table 6.7). S o m e subspecies exhibited

Table 6.5. Distribution of gene diversity (unbiased for sample size) a m o n g 9
subspecies and 18 populations of Persoonia mollis. H T = total gene diversity, H s =
mean gene diversity within subspecies, H P = m e a n gene diversity within populations,
GPS

= (H s - H P ) / H T / G S T = (H T - H s ) / H T , Gpj = (H T - H P ) / H T .

locus

HP

Hs

HT

Pgm-1

0.181

0.181

0.225

0.000

0.196

0.195

Gpi-1

0.011

0.012

0.013

0.069

0.047

0.115

Gpi-2

0.113

0.144

0.195

0.156

0.262

0.418

Aat-1

0.105

0.108

0.145

0.016

0.255

0.272

Aat-2

0.041

0.068

0.104

0.265

0.343

0.608

Aat-3

0.332

0.313

0.369

-0.052

0.154

0.102

Pgd-1

0.146

0.153

0.169

0.041

0.097

0.138

Pgd-2

0.020

0.019

0.019

-0.041

0.002

-0.041

Pgd-3

0.049

0.054

0.057

0.089

0.058

0.147

Pep-1

0.117

0.114

0.121

-0.019

0.053

0.035

Pep-2

0.082

0.089

0.111

0.065

0.199

0.263

mean

0.109

0.114

0.139

0.038

0.179

0.217

s.e.

0.027

0.025

0.031

0.028

0.033

0.055

GPS

GST

Gpr
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Figure 6.4. Plot of genetic distance (Nei's unbiased) against geographic distance for

(a) 18 populations of Persoonia mollis, and (b) for 13 populations of Persoonia moll

(i.e. as for (a) but without the subsps. livens, maxima and budawangensis populations

each with a locally weighted line of best fit (see text). Note the difference in scal
genetic distance between (a) and (b).

Table 6.6. Indirect estimates of gene flow from the m e a n frequency of private alleles
(p(l): Nmp) and from hierarchical F-statistics estimated by G ^ (NmF) at different
hierarchical levels within P. mollis (see Table 6.5). Nm¥
confidence interval about the m e a n of Nmv.

hierarchical level

p(l)

( 9 5 % C.I.) is the 9 5 %

N is the average population size.

N

Nmp

Nm?

Nmf

( 9 5 % C.I.)

among pops within subsp. 0.020 60.6 5.835 6.329 (2.25-panmictic)

among subsp. within total 0.020 122.3 2.891 1.147 (0.74-2.13)

among pops within total 0.041 61.2 1.610 0.902 (0.49-2.41)

Table 6.7. Distribution of gene diversity (G P S unbiased for sample size) and estimates
of gene flow (NmF) between populations within each of nine subspecies within
Persoonia mollis. S.E. is the standard error of G PS . Nmf

( 9 5 % C.I.) is the 9 5 %

confidence interval about the m e a n of Nmv.

subspecies

HP

Hs

GPS

S.E,

Nmv

Nmv

(95% C L )

revoluta

0.0878

0.0933

0.0596

0.0167

3.94

(2.28-12.13)

mollis

0.1096

0.1137

0.0355

0.0136

6.79

(3.48-62.25)

maxima

0.1099

0.1099

-

-

nectens

0.0493

0.0538

0.0837

0.0252

2.74

(1.38-17.74)

ledfolia

0.0744

0.0764

0.0266

0.0060

9.15

(5.97-18.98)

caleyi

0.1298

0.1308

0.0081

0.0028

30.60

(17.11-138.64)

budawangensis

0.1247

0.1265

0.0145

0.0053

17.00

(9.22-95.90)

livens

0.1953

0.2099

0.0697

0.0214

3.34

(1.85-11.95)

leptophylla

0.1272

0.1282

0.0080

0.0022

31.00

(18.98-80.40)
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higher estimates of N m F than others (i.e. subsps. leptophylla and caleyi as compared to
subsps. revoluta, livens, and nectens). Clearly these estimates of Nm

are not related

solely to the distance between populations, as subsp. livens and nectens display the
extremes of interpopulation distance for all subspecies, yet displayed the lowest levels
of infra-subspecific gene flow (Fig. 6.1).

As the proportion of overall gene diversity was substantially less within- than
among- subspecies (Table 6.5), estimates of Nm within P. mollis where each subspecies
is left out in turn were calculated non-hierarchically from both F-statistics and the
frequency of private alleles with little loss of information. The estimates of NmF
remained consistent w h e n calculated with each subspecies left out in turn (Table 6.8).
Estimates of Nrrip remained similarly consistent except w h e n subsp. mollis w a s left
out. This reflects the high frequency of the Gpi-1 allele that w a s unique to the
Murphys Glen population. However, because of the large discrepency between
and Nmp

Nm?

for the case where subsp. mollis w a s left out, there w a s no clear evidence to

suggest that any one subspecies is by itself affecting the overall estimate of gene flow
more than others. This discrepency, as well as the observation that all other private
alleles were consistent in their frequencies (Table 6.8), suggests that there is selection
for this unique allele in the M u r p h y s Glen population.

With the exception of the disjunct subsps. mollis and maxima, estimates of Nm?
between neighbouring subspecies were generally lower for those involving subsp.
livens and budawangensis than those not involving at least one of these two
subspecies (Table 6.9). Estimates of Nm?, whilst in general agreement with Nm¥, were
more variable overall. This m a y be due to the problems that the consideration of
only a small n u m b e r of groups (i.e. 2 subspecies) introduces, as well as errors
introduced by the correction for population size. Consequently, N m F values are to be
preferred.

A more detailed hierarchical analysis of gene flow within and between neighbouring
subspecies involving the subsps. livens and budawangensis (i.e. those with relatively
lower levels of gene flow across subspecies boundaries (Table 6.9)) revealed that in
only one instance w a s the estimate of NmF

significantly lower between neighbouring

subspecies than within these subspecies (Table 6.10). Of the neighbouring subspecies
within P. mollis, only subsps. livens and budawangensis displayed levels of gene flow
that were significantly lower across their boundary than within the subspecies

Table 6.8. Distribution of gene diversity (G^ unbiased for sample size) and the m e a n
frequency of private alleles (p(l)) a m o n g 8 subspecies of Persoonia mollis in which
each 1 of 9 subspecies is left out in turn, with corresponding estimates of gene flow
(Nm F from G ST ; Nmp

from p(l). The average sample size is indicated by N .

subsp. left out

Ggx

p(l)

N

Nmv

revoluta

0.1850

0.0240

123.6

1.10

2.11

mollis

0.1885

0.0087

119.6

1.08

13.80

maxima

0.1374

0.0203

135.7

1.57

2.61

nectens

0.1786

0.0203

128.3

1.15

2.76

ledfolia

0.1842

0.0141

118.4

1.11

5.79

caleyi

0.1924

0.0208

118.8

1.05

2.85

budawangensis

0.1723

0.0237

118.1

1.20

2.26

livens

0.1518

0.0212

119.0

1.40

2.75

leptophylla

0.1938

0.0188

119.5

1.04

3.40

Nmp

Table 6.9. Distribution of gene diversity (G C T unbiased for sample size) and the m e a n
frequency of private alleles (p(D) between neighbouring subspecies within Persoonia
mollis, with corresponding estimates of gene flow (Nmv from G^; Nmp

from p(l). The

average sample size is indicated by N .

neighbouring

OST

pd)

N

Nm?

Nmp

0.0880

0.0652

130.6

2.591

0.325

0.1717

0.1142

152.9

1.206

0.100

0.1001

0.0122

147.0

2.248

6.072

0.0720

0.0086

150.5

3.222

11.119

0.0243

0.0064

147.6

10.038

19.540

0.0327

0.0072

149.5

7.395

15.573

0.0556

0.0227

133.0

4.246

2.170

0.0251

0.0187

114.6

9.710

3.582

0.0327

0.0298

109.5

7.395

1.607

0.1686

0.2924

79.5

1.233

0.035

subspecies

revolutalivens
budawangensislivens
leptophyllalivens
budawangensisleptophylla
leptophyllacaleyi
leptophyllaledfolia
revolutaledfolia
nectensledfolia
nectensmollis
mollismaxima

Table 6.10. Distribution of gene diversity (unbiased for sample size) within and
between neighbouring Persoonia mollis subsps. revoluta and livens (mean of 9 loci),
subsps. budawangensis and livens (mean of 10 loci), subsps. leptophylla and livens (mean
of 10 loci), and subsps. budawangensis and leptophylla (mean of 10 loci) and
corresponding estimates of gene flow (NmF) from G ^ with 9 5 % confidence intervals
( N m F ( 9 5 % CI.)).

level (XY)

J

XY

S.E.

Nm*

NmF

( 9 5 % CI.)

a. revoluta /livens:

pop. in subsp.

0.0516

0.0535

4.59

(1.20-panmictic)

subsp. in total

0.0881

0.0290

2.59

(1.88-10.86)

pop. in total

0.1397

0.0682

1.54

(0.60-panmictic)

pop. in subsp.

0.0441

0.0060

5.42

(4.10-7.89)

subsp. in total

0.1717

0.0358

1.21

(0.74-2.47)

pop. in total

0.2158

0.0463

0.91

(0.53-1.97)

pop. in subsp.

0.0478

0.0274

4.98

(2.05-panmictic)

subsp. in total

0.1001

0.0252

2.25

(1.35-5.44)

pop. in total

0.1430

0.0383

1.50

(1.13-4.08)

b. budawangensis/livens:

c. leptophylla/livens:

d. budawangensis/leptophylla:

pop. in subsp.

0.0179

0.0119

13.72

(5.38-panmictic)

subsp. in total

0.0717

0.0165

3.24

(2.05-6.91)

pop. in total

0.0883

0.0217

2.58

(1.58-6.02)
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themselves (Table 6.10). However, the estimate of NmF across this boundary w a s still
in excess of 1.

6.4 Discussion

Under an infinite island model of population structure for neutral alleles, significant
differentiation between local populations is unlikely to occur by genetic drift alone if
Nm, the n u m b e r of migrants per generation, is greater than 1 (Wright 1931; Slatkin
1985a, 1987). This general rule has been confirmed for other models of population
structure (Slatkin 1985a; Slatkin and Barton 1989), and has been widely used to infer
the relative importance of drift and selection in m a n y species (e.g. Slatkin 1987;
Golenberg 1987; Govindaraju 1989; Alstad et al. 1991; Gonzalez-Candelas et al. 1992),
as well as in assessing the importance of gene flow between taxa (e.g. Porter 1990;
Wolf and Soltis 1992). Estimates of Nm within the morphologically complex species
Persoonia mollis have consistently been in excess of 1. This result w a s found for all
hierarchical levels measured (i.e. populations, subspecies and species) and for almost
all estimates of Nm between geographically neighbouring subspecies using two
different indirect estimation procedures. Consequently, the pattern of morphological
variation within this species is currently independent of gene flow, and genetic drift
is unlikely to have played a major role in the differentiation within P. mollis. In the
face of apparently extensive gene flow across transition zones between neighbouring
subspecies, and assuming that these populations are in equilibrium, strong selective
effects by a heterogeneous environment appears to be the major factor responsible for
the maintenance of the observed patterns of morphological differentiation within P.
mollis.

The high indirect estimates of gene flow obtained here contrast strikingly with the
direct estimates of realized pollen dispersal in natural populations of P. mollis (Krauss
1994a; Chapter 7). Using rare allozyme markers, genetic neighbourhood sizes (N E :
Wright 1943,1946) from pollen dispersal w a s estimated at between 1 and 5 plants
(Krauss 1994a; Chapter 7). This is one of the smallest neighbourhood sizes recorded
(Crawford 1984b) and, by itself, suggested that population sizes are small enough for
differentiation by genetic drift (Wright 1943,1946). However, in interpreting the
results of that study, 1 concluded that indirect estimates of gene flow should be in
excess of the direct estimates from realized pollen dispersal alone because of the lack
of bi-parental inbreeding and reduced heterozygosity within populations, which

77
would be expected given such restricted dispersal and small population sizes (e.g.
Turner et al. 1982). The indirect estimates of gene flow obtained here not only
confirm that conclusion, but also suggest that seed dispersal must be substantially
more extensive than pollen dispersal (discussed further below). Seeds of P. mollis are
primarily gravity dispersed and secondarily bird dispersed by large birds such as
Currawongs (Strepera sp.) with often large ranges. Thus the potential for long
distance gene dispersal through fruit dispersal exists (discussed further in Chapter 7).

Indirect estimates of Nm in excess of direct estimates are not uncommon (Slatkin
1987; Campbell and Dooley 1992). O n e explanation is that the indirect estimation
procedures are flawed due to violations of assumptions, leading to incorrect estimates
of Nm.

O n e of the most important assumptions is that all loci are selectively neutral

(Wright 1931). A s the same or similar patterns of gene flow were exhibited over
almost all loci in P. mollis, the errors due to violations of the assumption of neutrality
appear minor (e.g. see Table 6.4). Further, similar estimates of Nm obtained from the
application of two different procedures also support the accuracy of these estimates.
However, if all loci are affected by stabilising selection, then indirect estimates of Nm
m a y be routinely overestimating the true level of gene flow. Porter (1990) suggests
that stabilising selection m a y be the most serious violation of all the assumptions that
the indirect estimation of Nm requires. Perhaps the strongest support for the
accuracy of indirect measures of Nm is the observation that the gene flow potential of
species is the predominant influence on the partitioning of allozyme variation a m o n g
populations (Hamrick and Godt 1990). Measures of Nm are predictably associated
with the pollen and seed dispersal characteristics of species (Hamrick 1987; Hamrick
and Godt 1990). For example, estimating Nm from p(l), self-fertilizing species
average estimates of Nm

of 0.065; outcrossed animal pollinated species average Nm of

0.801; whilst outcrossed wind pollinated species average Nm of 5.380 (Hamrick 1987).
These observations suggest strongly that gene flow statistics can be estimated with at
least relative accuracy from allozyme data.

Persoonia mollis is a preferentially outcrossing, bee pollinated species where
outcrossing rates are not different to unity (Chapters 4 and 5; Krauss 1994a,b).
Estimates of Nm from the frequency of private alleles for 16 animal pollinated,
outcrossed species averaged 0.801 (Hamrick 1987), which compares favourably with
the estimate of Nm from the m e a n G S T for 124 animal pollinated, outcrossed species
of 1.02 (Hamrick and Godt 1990). Estimates of Nm for P. mollis were 1.61 and 1.15
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from p(l) and biased G^r respectively. Therefore, the levels of gene flow detected
within P. mollis are comparable to other plants with a similar breeding system. This
is further evidence supporting the hypothesis that the unusual amount of
morphological diversity within P. mollis is independent of gene flow.

Assuming that these indirect estimates of Nm within P. mollis are accurate, there are
at least two explanations to account for the difference between the direct estimates of
realized pollen dispersal and indirect estimates of gene flow. Firstly, if current
patterns of gene flow between existing populations do account for their genetic
similarity, then either seed dispersal is substantially in excess of pollen dispersal, or
rare long distance pollination events are occurring frequently enough to have an
effect on patterns of genetic structure but are very difficult to detect by direct
procedures. Paternity exclusion analysis is starting to suggest that long distance
pollination events m a y be more c o m m o n than previously thought (Ellstrand 1984;
Ellstrand and Marshall 1985; Devlin and Ellstrand 1990). Alternatively, current
patterns of gene flow between existing populations do not account for their genetic
similarity (Slatkin 1987). In this scenario, current genetic similarity between
populations is due to substantial gene flow in the recent past, such as a recent major
range expansion producing the current geographic distribution. Substantial gene
flow in the recent past has been proposed as an explanation for differences between
direct and indirect estimates of gene flow in Euphydryas editha and Drosophila
pseudoobscura (Slatkin 1987). O n e interpretation consistent with the results of an
analysis of phylogeny within P. mollis is that it has been undergoing a range
expansion (Chapter 7). However, other interpretations such as a graded series of
vicariance events cannot be dismissed. A clear conclusion from the cladistic analysis
was that the subsps. livens and budawangensis are the most recently diverged within P.
mollis and that the hybrid zone between these two subspecies is secondary in origin.
Consequently, the estimates of gene flow across this hybrid zone m a y reflect a recent
contact between these populations rather than current patterns of gene flow. W e r e
this the case then direct estimates of gene flow across this hybrid zone w o u l d be
similar to direct estimates across other and older hybrid zones within P. mollis. Note,
though, that even here the indirect estimate suggests that gene flow is apparently
extensive enough to s w a m p the differentiating effects of drift. Consequently, all
hybrid zones in P. mollis appear to be maintained by a balance between dispersal and
selection (see also Chapter 8).

The total gene diversity within P. mollis (H T = 0.139; s.e. = 0.031) w a s extremely low
compared to the average gene diversity of 0.310 (s.e. = 0.007) found in a survey of
406 plant species (Hamrick and Godt 1990). Similarly, the average gene diversity
within populations of P. mollis (H P = 0.109; s.e. = 0.027) w a s less than half that found
within populations for 406 plant species of 0.230 (s.e. = 0.007) (Hamrick and Godt
1990). However, this low gene diversity w a s typically distributed a m o n g populations
within the species, where 17.9% (s.e. = 0.055) (21.7% unbiased) of the gene diversity
within P. mollis is found a m o n g populations compares to an average of 22.4% (s.e. =
0.012) for 406 plant species (Hamrick and Godt 1990). Hamrick and Godt (1990)
found that the variation in diversity a m o n g populations w a s influenced mainly by
plant breeding systems. The proportion of gene diversity a m o n g populations within
P. mollis (17.9%) is comparable to an average of 19.7% (s.e. = 0.017) for 124
outcrossing, animal pollinated species (Hamrick and Godt 1990). Therefore, P. mollis
is typical in the w a y its gene diversity is distributed a m o n g populations, but atypical
in that it has less than half the gene diversity found on average in 406 plant species.

There are a number of possible explanations to account for the observation of
extremely low genetic diversity within P. mollis. Perhaps the most likely can be
described as historical inertia. Genetic diversity within the closely related species
Persoonia linearis w a s comparable to that in P. mollis, where only 2 out of the 11
variable loci were variable in P. linearis, and the average expected heterozygosity for
these 2 loci w a s 0.086 (Chapter 7). Other studies of allozyme variation in the
Proteaceae reveal little genetic diversity by measures of heterozygosity and/or
percentage variable loci within species (Scott 1981; Coates and Sokolowski 1992;
Carthew 1993; Ayre et al. 1994; Sampson et al. 1994). Therefore, the Proteaceae in
general appear to be depauperate for variation at the allozyme loci typically studied.
Alternatively, recent historical events could produce the observed patterns of low
genetic diversity. These include a recent origin of the species followed by rapid
morphological diversification, or frequent extinction and colonization events.
However, the first explanation assumes a molecular clock, which has been s h o w n to
be inappropriate for P. mollis (Chapter 7). A n expectation of the second explanation
is that the distribution of gene diversity a m o n g populations would be lower than on
average, which w a s not the case in P. mollis. Current ecological events such as
stabilizing selection at these loci m a y also be a contributing factor. However, it
seems unlikely that stabilizing selection would affect all variable loci equally (Slatkin
1987). Further studies are required in the Proteaceae to determine whether low gene
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diversity at allozyme loci is indeed characteristic of this family, and therefore the
primary cause of low gene diversity within P. mollis.

Although Wright's fixation index (F) was not significantly different from zero in any
of 18 populations of P. mollis, w h e n averaged over populations an overall deficit of
heterozygotes compared to panmictic expectations w a s found (F = 0.049). The
significantly positive F for the outbreeding P. mollis (Chapter 4) is consistent with the
"heterozygosity paradox" (Brown 1979), where outbreeding species tend to show a
deficit of heterozygotes and inbreeders s h o w an excess of heterozygotes compared to
panmictic expectations. Assuming the mating system to be in equilibrium, this value
of F gives an indirect estimate of outcrossing rate (t) of 0.91, where t = (1-F)/(1+F)
(Jain 1979). Direct estimates of outcrossing were consistently not different to, or in
excess of, unity (Chapter 5), which indicates that inbreeding due to self-fertilization is
not the cause of F > 0 (Brown 1979). Consequently, the W a h l u n d effect m a y be
biasing F upwards (Brown 1979). That is, some sampled populations m a y comprise
genetically heterogeneous subpopulations that do not constitute one panmictic unit.
Heterogeneity of subpopulation gene frequencies could arise from heterogeneity of
selection pressure or very small neighbourhood sizes within which random
divergence m a y have occurred (Brown 1979). Direct estimates of neighbourhood size
based on the pollen dispersal component of gene flow only were extremely small
(Chapter 5). It w a s suggested in Chapter 5 that seed dispersal is in excess of pollen
dispersal. The results of the current study suggest that seed dispersal increases
neighbourhood size to a value less than the m e a n population sample size in the
current study of c. 60 plants. A slight deficit of heterozygotes in the adult population
compares to a slight excess of heterozygotes in the seed cohort (Chapter 5), which
either reflects the W a h l u n d effect on the larger adult sample size, or alternatively
suggests that any fitness effect associated with increased heterozygosity (Ledig 1986)
at the seed stage is not carried through to adulthood in P. mollis.

Porter (1990) used gene flow estimates to test taxonomic hypotheses about the
location of biological species boundaries. However, as he admitted, the question of
what value of Nm

should be regarded as the cutoff between species and infra-specific

taxa remains a subjective one. If Nm

is equal to or in excess of one, however, then

the taxa being assessed are not reproductively isolated. Further, the comparison of
Nm within and between geographically neighbouring taxa can give an accurate
estimation of the relative amounts of gene flow. If Nm between taxa is not
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significantly less than Nm within taxa, then, according to the biological species
concept (bsc), there is clear evidence against the recognition of the taxa as species.
Consequently, the only evidence under these criteria for species recognition are for
the subspecies maxima, budawangensis and livens. In the case of subsps. budawangensis
and livens, although gene flow between these subspecies is apparently m o r e restricted
than within these subspecies, Nm w a s still in excess of one, which suggests that these
taxa are not reproductively isolated and should not be recognised as species under
the bsc. The situation with subsp. maxima is not so clear cut, given an estimate of Nm
from G S T of 1.23, and from p(l) of 0.035 (Table 6.9) w h e n considering subsp. maxima
and the geographically closest subsp. mollis. However, given it's morphological
distinctness (Chapter 3), it's geographical isolation (Fig. 2.1), and it's relatively
restricted gene flow, it should be recognised at species rank under a biological species
concept. Importantly, it's status as the sister group to all other subspecies (Chapter 5)
indicates cladistic support for this recognition.
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CHAPTER SEVEN: A N ANALYSIS OF PHYLOGENY WITHIN Persoonia mollis.

7.1 Introduction

The phylogenetic analysis of conspecific populations is essential for an understanding
of historical processes within species such as range expansion, divergence, and
ultimately speciation. For example, the history of a hybrid zone between distinct
parapatric populations (Barton and Hewitt 1985), which cannot be deduced from an
analysis of the zone itself (Endler 1982,1983), can be addressed by phylogenetic
analysis (Wiley 1981; Thorpe 1984). Hybrid zones can result from primary
differentiation of the populations in situ or from secondary contact between
previously allopatric populations (Endler 1977; Barton and Hewitt 1985).
Distinguishing between hybrid zones formed by either primary or secondary
processes is important as hybrid zones feature in several models of population
divergence and speciation (Grant 1981; Bush 1975; Endler 1977; White 1978; Barton
and Hewitt 1985). For example, hybrid zones for which there is evidence for primary
divergence can then be investigated to assess models of parapatric speciation (Endler
1977; Barton and Hewitt 1985).

The estimation of the phylogeny of conspecific populations raises both
methodological problems and problems of interpretation due to the possibility of
reticulate evolution and the confounding of current ecological (e.g. selection, gene
flow) and historical (phylogenetic) processes producing hierarchical pattern (Endler
1982,1983). For example, the nature of morphological data usually collected at the
population level presents problems for phylogenetic analysis because of the lack of
distinct character states. Data are usually continuous measurements of size or shape
that possess too m u c h noise due to phenotypic plasticity under heterogeneous
environmental conditions for the construction of phylogenetic trees (e.g. Chernoff
1982). Allozyme frequency data are m u c h more suited for phylogenetic analysis of
conspecific populations (although see Crother 1990 for an alternative view), and there
are a number of approaches that m a y utilize these data (Felsenstein 1981; Swofford
and Berlocher 1987; Felsenstein 1988; Swofford and Olsen 1990). These are discussed
in detail in the methods section below. Historically, investigators using allozyme
data from conspecific populations have generally restricted themselves to an analysis
of genetic structure and overall similarity via the genetic distance measures of Nei
(1972) or Rogers (1972) followed by phenetic clustering (Sneath and Sokal 1973).
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More recently, non-hierarchical procedures such as spatial autocorrelation (e.g. Sokal
and Jacquez 1991; Slatkin and Arter 1991) and ordination techniques such as
multidimensional scaling (e.g. Lessa 1990; James and McCulloch 1990) have been
used to assess pattern in genetic variation a m o n g populations and current
evolutionary processes. These non-hierarchical methods are, by themselves, restricted
to an analysis of overall similarity, and as such m a y reveal little about historical
evolutionary processes. Phylogenetic procedures were applied here in conjunction
with non-hierarchical procedures in an attempt to elucidate historical patterns of
population ancestry and divergence within Persoonia mollis.

All else being equal, species with normally distributed patterns of dispersal would be
expected to show geographically adjacent populations that are most closely related.
Consequently, the phylogenetic tree should be congruent with the geographic
position of the populations. However, congruence between a tree and the geographic
position of populations could be due to either phylogenesis (i.e. history) or to current
ecology (i.e. gene flow and natural selection) (Endler 1982, 1983). For example, if the
racial affinities were dominated by a cline in response to a current selection gradient,
a phylogenetic tree would connect the populations in a pectinate hierarchy that
reflected their geographic position. In this situation, the extent of anagenesis would
not necessarily be expected to be progressively greater nearer the oufgroup root of
the tree since there is no reason w h y current ecology should generally produce such a
pattern (Thorpe 1984). However, if the pattern is due to phylogenesis, and if a
constant rate of evolution in different lineages can be assumed, then a positive
relationship between the time of divergence and the extent of divergence would be
expected (Thorpe 1984). If a constant rate of evolution cannot be assumed, then the
phylogenetic analysis of the geographical distribution of character states assumes that
current ecology has no effect (Endler 1983).

Persoonia mollis posseses a clear and significant synapomorphy that distinguishes the
clade from all others (Krauss and Johnson 1991; Chapter 2). The phenetic analysis of
herbarium specimens of P. mollis revealed nine distinct infra-specific groups
(Chapters 2, 3), which have been formally recognised as subspecies (Krauss and
Johnson 1991). The current study addresses this taxonomic model and tests the
"reality" of the infraspecific hierarchy through the analysis of pattern and phylogeny
of geographically distinct populations. If these proposed subspecies possess
evolutionary "reality" (Stuessy 1990), then they would be expected to form
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monophyletic groups on a tree of populations. Further, non-hierarchical analysis of
populations would be expected to confirm the phenetic distinctness of subspecies, as
well as reveal the presence of clinal patterns of variation. Therefore, the two aims of
the current study are to firstly reconstruct the historical pattern of divergence within
P. mollis, and secondly to assess the reality of the taxonomic hierarchy within this
complex species.

7.2 Materials and methods

Eighteen populations representing all nine subspecies of P. mollis were sampled for
allozyme variation at 11 variable loci. Details are given in Chapter 6 of the location
of populations (Table 6.1; Fig. 6.1), sampling details, electrophoretic running
conditions, and allele frequencies (Table 6.2). Each subspecies w a s represented by
two populations with the exception of subsp. maxima (1 population; Lyrebird Gully)
and subsp. nectens (3 populations; Sublime Point, Loddon Falls and M t Kembla).

7.2.1 Hierarchical models: phylogeny estimation from allozyme frequency data

A number of different approaches for explicitly inferring phylogenies exist (see
Felsenstein 1982,1988 and Swofford and Olsen 1990 for recent reviews). These
include maximum-likelihood methods, parsimony methods, and distance matrix
methods. The first two methods fit a tree to a population x character matrix, whilst
the third method fits a tree to a matrix of pairwise distances between populations.
These are discussed further below.

7.2.1.1 Maximum likelihood

The restricted maximum likelihood method (REML) estimates phylogenies from
quantitative character data (such as allozyme frequencies) based on a Brownian
motion model (Cavalli-Sforza and Edwards 1967, Felsenstein 1981). This model is
approximated by genetic drift, and assumes that each locus evolves independently
purely by drift (Felsenstein 1981). Allele frequencies were submitted to the program
C O N T M L (part of the P H Y L I P package of programs, Felsenstein 1993), which firstly
square-root transforms the allele frequencies to enable the use of the Brownian
motion model on the resulting coordinates in an approximation of the distances
between particles undergoing pure Brownian motion (Felsenstein 1981). There are 3
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entities: D, the data; T, a possible evolutionary tree (phylogeny); and M , a
probabilistic model of evolutionary change (here, all change is due to genetic drift).
Given the model, C O N T M L computes P(D; T,M) - the probability of obtaining the
data D, given the tree T and model M . Tests of different phylogenetic estimation
procedures using simulated data with differing rates of change in different lineages
with different population sizes have found that the m a x i m u m likelihood procedure
performs consistently better than maximum-parsimony or phenetic clustering (Kim
and Burgman 1988). Note that these simulations were performed under the model
assumed by the likelihood procedure.

The tree building algorithm in CONTML is sensitive to the order in which the
populations are entered into the tree. Therefore, I used the Jumble option in
conjunction with the Global option in C O N T M L to find the best tree. The Jumble
option allows the program to randomize the input order of the populations multiple
times (each with a different random order of adding populations). Each of these
multiple trees w a s globally optimized (Global option in C O N T M L ) . Global
optimization removes from the tree each possible subtree, which is then added back
in all possible places. The process continues until all subtrees can be removed and
added again without any improvement in the tree. The best tree from 10 random
jumbles (with global optimization of each) was saved.

In an attempt to find the global, rather than a local, maximum-likelihood tree, this
procedure w a s repeated ten times, each with a different random number seed. The
best tree from each run was saved and compared to the best tree from each of nine
other runs. These ten best trees were from a sample of over 200 000 trees.
Approximate standard errors on the lengths of the segments of the tree were
calculated by C O N T M L by considering only the curvature of the likelihood surface as
the length of the segment is varied, holding all other lengths constant (Felsenstein
1993). Therefore, branch lengths significantly in excess of zero are indicated.

CONTML also allows the maximum likelihood to be calculated for specified tree
topologies. I calculated the m a x i m u m likelihoods for trees produced by all other tree
building procedures used in the current study (see below).
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7.2.1.2 Maximum

parsimony

The principle of parsimony states that the simplest explanation consistent with a data
set should be chosen over more complex explanations (Hennig 1966; Stewart 1993).
The best evolutionary tree under the principle of parsimony is the one that requires
the least possible amount of change (Cavalli-Sforza and Edwards 1967; Farris 1970,
1983).

Three main methods have been used to recognize and code allozymes as characters
for phylogenetic analysis by maximum-parsimony (Mabee and Humphries 1993): (i)
individual alleles are considered binary characters with their presence/absence as
alternative states (e.g. Mickevich and Johnson 1976; Sundberg et al. 1990); (ii) the
locus is considered the character with different allelic combinations as alternative
states (the states are treated as unordered or ordered) (e.g. Michevich and Mitter
1981,1983); (iii) the locus is considered the character with allele frequencies as the
character states (Swofford and Berlocher 1987). The first method has been strongly
criticized, primarily because the alleles at a single locus are not independent
(Mickevich and Mitter 1981; Buth 1984). Consequently, hypothetical ancestors in
phylogenetic reconstructions m a y lack all alleles at a locus (Swofford and Olsen
1990). Methods (i) and (ii) both have the problem that they fail to incorporate a great
deal of informative information (Swofford and Berlocher 1987). For example, they
regard one population with allele frequencies at a locus of A = 0.9 and B = 0.1 to be
equivalent to a second population with allele frequencies at this same locus of A =
0.1 and B = 0.9. The use of allele frequencies has been criticized o n the grounds that
they are too easily modified by random drift and/or selection, and therefore do not
provide reliable information for phylogenetic analysis (e.g. Mickevich and Mitter
1981; Farris 1985; Crother 1990). However, it would seem that the same arguments
levelled at the use of allele frequencies can be levelled at the use of presence/absence
data, in the sense that allele frequencies provide a w a y to weight the presence or
absence of particular alleles (Swofford and Berlocher 1987), Consequently, the
phylogeny w a s estimated from these data under the priciple of maximum-parsimony
using allele frequency data and the F R E Q P A R S program (Swofford and Berlocher
1987).

The objective of FREQPARS is to find the tree on which the frequency of each allele
undergoes the least possible amount of change, while at the same time ensuring that
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allele frequencies in hypothetical ancestors add to one (i.e. the additivity requirement)
(Swofford and Berlocher 1987). The procedure has two parts, as described in
Swofford and Berlocher (1987). First, given a particular tree topology, the procedure
finds the set of allele frequencies for hypothetical ancestral taxa that results in the
least possible amount of allele frequency change (subject to the additivity
requirement) on that particular tree. The tree length is obtained by s u m m i n g the
minimal amount of change across all alleles. Part two finds, from the set of all
possible tree topologies, the particular tree that yields the shortest tree length w h e n
step one is carried out. F R E Q P A R S uses a modification of the W a g n e r method (a
heuristic method) to find the tree topology yielding the shortest tree (Swofford and
Berlocher 1987). A s F R E Q P A R S has an extremely limited ability to find the shortest
tree, I used part one of the procedure to firstly evaluate the total lengths of each tree
topology produced by all other tree building procedures in the current study. Taking
the optimal tree from these, I then used an iterative approach to manually rearrange
the least supported (shortest) branches in an attempt to decrease the tree length to the
global m i m i n u m .

7.2.1.3. Phylogenies from distance matrices

7.2.1.3.1. Measures of genetic distance

A large number of measures have been proposed for transforming allele frequency
data to genetic distances (Wright 1978; Swofford and Olsen 1990). Those of Nei
(1972,1978) and the Cavalli-Sforza and Edwards (1967) chord and arc distances are
a m o n g the most widely used and are briefly discussed below. These distance
measures are estimates of and assumed to be proportional to evolutionary time since
divergence under different assumptions. Different distance measures were used with
a number of tree building procedures to assess congruence across trees produced
under various models of evolution. Clusters consistently retrieved were interpreted
to be well supported due to robustness to departures from the model.

Nei's (1972) standard distance measure, and his unbiased estimate that corrects for
small sample size (Nei 1978), are intended to measure the n u m b e r of codon
substitutions per locus that have occurred after divergence between a pair of
populations. These distance measures assume that differences a m o n g populations
arise from genetic drift and, for an infinite isoalleles model of mutation, a rate of
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neutral mutation where each mutant is to a completely n e w allele. However, it
requires the almost certainly unrealistic assumptions that all loci have the same rate
of neutral mutation, that the genetic variability initially in the population is at
equilibrium between mutation and genetic drift, and that the effective population size
of each population remains constant (refs). Further, Nei's distances are nonmetric in
that they frequently violate the triangle inequality (Farris 1981; Rogers 1986), which
states that for all populations x, y, and z, D(x,y)< or equal to D(x,z) + D(y,z), where
D(x,y) is the distance between populations x and y (Rogers 1986). However,
Felsenstein (1984) argues that this is not important for tree construction if distances
are interpreted as a statistic (i.e. expected rather than actual amounts of change).

Alternative measures that overcome these limitations are the chord and arc distances
of Cavalli-Sforza and Edwards (1967). Cavalli-Sforza and Edwards' measures assume
that there is no mutation, and that all gene frequency changes are by genetic drift
alone (Felsenstein 1985). However, they do not assume that all populations have
remained constant and equal in size. The distance is standardised with respect to
random drift, so that the rate of increase in genetic distance under drift is nearly
independent of the initial gene frequencies (Felsenstein 1985). These distance
measures therefore incorporate some realistic assumptions about the nature of
evolutionary change without the undesirable properties of the Nei (1972,1978)
measures, and have been widely recommended (e.g. Wright 1978; Felsenstein 1985;
Swofford and Olsen 1990).

7.2.1.3.2 Trees from distance matrices

A number of procedures that utilize distance data to construct phylogenies exist, each
with different assumptions (Felsenstein 1984; Swofford and Olsen 1990) which are
discussed briefly below. These include phenetic clustering methods and additive tree
methods that attempt to optimize the fit of computed path length distances to
observed distances (e.g. Fitch and Margoliash 1967; Farris 1972; Swofford 1981; Saitou
and Nei 1987).

UPGMA (unweighted pair group method using arithmetic averages) trees (Sneath
and Sokal 1973) were constructed from the Nei (1978) and Cavalli-Sforza and
Edwards chord (1967) distance matrices using the BIOSYS-1 program (Swofford and
Selander 1989). Trees constructed using the phenetic clustering method can be
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interpreted reasonably in a phylogenetic sense only w h e n rates of evolutionary
divergence are relatively homogeneous across phyletic lines. U P G M A clustering is
superior over other tree making techniques in producing a more accurate estimate of
the true phylogeny given the assumption of constant evolutionary rates (Rohlf and
Wooten 1988). However, because different genes do not diverge uniformly (e.g.
Britten 1986; Sheldon 1987), and because population sizes are not usually equal,
systematic errors can be introduced into cluster analysis reconstructions of
phylogeny.

The distance Wagner (DW) procedure (Farris 1972) calculates trees that minimize the
total of all branch lengths in the tree, while using the pairwise distances as lower
bounds on the paths (Swofford and Olsen 1990). D W procedures are superior to
other additive tree building techniques such as the Fitch-Margoliash (1967) procedure
(Swofford 1981). D W trees were constructed from the Cavalli-Sforza and Edwards
distance matrix using the BIOSYS-1 program (Swofford and Selander 1989), and the
tree with the best goodness-of-fit value (F-value of Prager and Wilson 1976) saved. In
each case the multiple addition criterion (Swofford 1981) w a s used to select the next
population for addition to the network, with selection from 20 partial networks at
each stage.

The neighbor joining (NJ) procedure (Saitou and Nei 1987) is conceptually related to
cluster analysis but, in practical terms, it does not assume that all lineages have
diverged equal amounts. A n NJ tree w a s constructed from Nei (1972) distances using
the N E I G H B O R program from the P H Y L I P package (Felsenstein 1993).

All trees were rooted with P. linearis as the outgroup. Ninety plants from three
populations of P. linearis (thirty plants from each population) were scored with P.
mollis for allozyme variation at the 11 loci that were variable in P. mollis. These
populations were sympatric with either P. mollis subsps. revoluta or ledfolia.

7.2.2 Non-hierarchical models: ordination of allozyme data

Non-hierarchical patterns of similarity among populations were estimated by the
genetic distance measures described above, which were then analyzed by the
ordination procedure non-metric multidimensional scaling ( N M D S ) using the P A T N
computer package (Belbin 1993). Non-metric multidimensional scaling is an
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ordination procedure that aims to compute coordinates for a set of points in space
such that the distances between pairs of these points fit as closely as possible to the
measured similarities between these individuals by monotonic regression (Kruskal
1964; Kruskal and Wish 1978; see also Chapter 3).

7.2.3 Non-hierarchical models: ordination of morphological data

All populations of P. mollis and P. linearis that were sampled for allozyme variation
were also sampled for morphological variation except for Sublime Point (SUB). O n e
randomly sampled flowering branch from each of ten plants from each population
was collected, pressed and dried. Twenty-four morphological characters (see Chapter
3, Table 3.2) were measured as described in Chapter 3. Dissimilarity a m o n g
populations w a s measured by the G o w e r distance coefficient (Gower 1971) using the
P A T N program (Belbin 1993). The phenetic similarity of all populations w a s assessed
by the ordination procedure canonical variates analysis ( O w e n and Chmielewski
1985). This procedure is discussed in detail in Chapter 3. Here, populations were
defined as a priori groups for analysis, and the phenetic relationship of each
subspecies, as well as the phenetic relationship of P. mollis to P. linearis, assessed.
Individuals were projected onto the first two canonical vectors, and summarised by
9 5 % confidence ellipses around the m e a n and range of each subspecies ( O w e n and
Chmielewski 1985).

7.3 Results

Allele frequencies and sample sizes for P. linearis are given in Table 7.1. Alleles
unique to P. linearis were found at 2 loci (Gpi-2 and Aat-1). All other alleles were of
similar electrophoretic mobility and apparently homologous to those detected in P.
mollis.

7.3.1 Hierarchical models

7.3.1.1 Maximum likelihood

The maximum-likelihood tree of 18 populations of P. mollis, based on allele frequency
data and the model of all change due to genetic drift, is s h o w n in Fig. 7.1. Branch
lengths significantly in excess of zero are indicated. Although the ln likelihoods

Table 7.1. Allele frequencies af 11 variable loci for 90 plants pooled from 3 populations of
Persoonia linearis. Compare to Table 6.2 for allele frequencies in P. mollis

locus

allele

Pgm-1

-

.011

Gpi-1

-

1.000

Gpi-2

-

-

Aat-1

.

.
1.000

Aat-2
Aat-3

-

.028

.967
1.000

Pgd-1

.006

-

-

1.000

-

.006
-

Pgd-2

-

1.000

Pgd-3

-

1.000

Pep-1

.

1.000

Pep-2

1.000

-
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Figure 7.1. M a x i m u m likelihood tree fitting the allozyme frequency data from 18
populations of Persoonia mollis under the assumption that all change is due to genetic
drift, rooted with P. linearis as outgroup. L n likelihood = 909.00. Branch lengths
significantly in excess of zero are indicated by an asterisk.
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varied slightly (between 909.00 and 908.96), the same topology w a s obtained in all ten
trees saved from each run of 10 "jumbles" with "global" optimization. This suggests
that the tree obtained w a s the globally optimal tree. Rooting the tree with P. linearis
as outgroup produced a trifurcation at its base giving rise to the outgroup, the
Lyrebird Gully population (LYR), and then a well supported clade of all other P.
mollis populations (Fig. 7.1). However, this is clearly misleading as P. mollis has been
shown elsewhere to be monophyletic from data not included in the current study
(Krauss and Johnson 1991). The clade of all P. mollis populations except Lyrebird
Gully gives rise to a major dichotomy that, although weakly supported at its base,
was recovered in each of the ten best trees, indicating that this topology is optimal
under the assumptions of the model. Three population pairs representing subspecies
were significantly clustered (i.e. G O V and M A Y , subsp. livens; W A R and M U R ,
subsp. mollis; and B U D and M O N , subp. budawangensis). Most other populations are
arranged in a pectinate hierarchy that is congruent with their geographic position.

The maximum ln likelihoods of the tree topologies produced by all other tree
building procedures were less than that of the maximum-likelihood tree produced
using the search strategies provided by the Jumble and Global options in C O N T M L
(Table 7.2).

7.3.1.2. Maximum parsimony

Using FREQPARS, the most parsimonious tree of 18 populations of P. mollis had a
total length of 22.34 (Fig. 7.2). The topology of this tree w a s very similar to that of
the M L tree (Fig. 7.1), with the only difference being the placement of the Loddons
Falls (LOD), M t Kembla ( K E M ) and Red Rocks (RED) populations near the major
dichotomy within the clade of all populations of P. mollis except Lyrebird Gully
(LYR). The total length of the M L tree topology, w h e n submitted to F R E Q P A R S , w a s
22.36 (Table 7.2). The best trees from other procedures were all greater in length than
these (Table 7.2), but were all shorter than the shortest tree produced by the
modified-Wagner heuristic approach in F R E Q P A R S (i.e. 25.33).

7.3.1.3. Phylogenies from distance matrices

UPGMA trees from the Nei (1978) and Cavalli-Sforza and Edwards (1967) chord
distance matrices are shown in Figs 7.3 and 7.4 respectively. These show a clear

Table 7.2. Ln Likelihood and total tree length for tree topologies determined by different
tree construction procedures. Ln likelihoods calculated by the program C O N T M L . Total
tree lengths calculated by the program FREQPARS.

Tree produced by Ln likelihood Total length

maximum likelihood (CONTML) 909.00 22.36

maximum parsimony (FREQPARS) 906.97 22.34

neighbour joining 893.99 22.50

distance wagner 903.81 23.16

upgma (nei distance) 875.06 24.60

upgma (chord distance) 887.64 24.24
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Figure 7.2. Shortest tree obtained by m a x i m u m parsimony analysis of allozyme
frequency data for 18 populations of Persoonia mollis using F R E Q P A R S , rooted with P.
linearis as outgroup. Tree length = 22.34.
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Figure 7.3. Tree obtained by U P G M A clustering of Nei's (1978) genetic distance for 18
populations of Persoonia mollis and 1 composite population of P. linearis.
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Figure 7.4. Tree obtained by U P G M A clustering of Cavalli-Sforza and E d w a r d s (1967)
chord distance for 18 populations of Persoonia mollis and 1 composite population of P.
linearis.
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resolution of the Lyrebird Gully population (LYR) (subsp. maxima), the clade of
Governors Hill (GOV) and Mayfield (MAY) (subsp. livens), and below that the clade
of Mt Budawang (BUD) and Monga ( M O N ) (subsp. budawangensis). The remaining
populations were weakly differentiated in the U P G M A clustering from Nei (1978)
distances. However, many paired populations that each represent one subspecies
were clustered. Of particular interest are the relative positions on these trees of the
geographically closest populations representing different subspecies, and especially
populations representing subsp. livens (Mayfield (MAY) and Governors Hill (GOV)),
subsp. budawangensis (Mt. Budawang (BUD) and Monga (MON)), and subsp. revoluta
(Belanglo (BEL) and Soapy Flat (SOA)).

Major elements of the distance-Wagner tree (Fig 7.5) closely resembled the
elements of both the maximum-likelihood and maximum-parsimony trees. These
shared elements were the clades of (BEL, SOA, G O V , and M A Y ) and (CON, W O O ,
BIL, YAR, B U D , and M O N ) , as well as the position of the Lyrebird Gully population
(Fig. 7.6). Most of the paired populations that each represent one subspecies were
again clustered. The weakly differentiated basal populations on the maximumlikelihood and maximum-parsimony trees were clustered together on the distance
Wagner tree.

The neighbor-joining tree also displayed the major elements of other non-UP
trees (Fig. 7.6). These were the position of the Lyrebird Gully population, the two
clades (GOV, M A Y , SOA, L O D , BEL, and SUB) and (BUD, M O N , C O N , W O O , BIL
and YAR), and a weakly differentiated base distinguishing between these clades.
Note also a number of negative branch lengths (i.e. those to LYR, M E R , K E M , SUB,
BUD, and YAR).

7.3.2. Non-hierarchical models

7.3.2.1. Allozyme data

The projection of all 18 populations of P. mollis onto two ordination axes
metric M D S of Cavalli-Sforza and Edwards (1967) chord distances shows clearly the
phenetic distinctness of the Lyrebird Gully (LYR) population and the subsp. livens
populations ( M A Y and G O V ) from all others based on allozyme frequencies at 11
variable loci (Fig. 7.7). Note also the phenetic distinctness of the populations
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Figure 7.5. The shortest tree obtained by the Distance Wagner procedure from
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constituting one of the consistently resolved clades (i.e. BIL, W O O , Y A R , C O N , B U D
and M O N ) in a pattern more or less consistent with a cline. The phenetic distinctness
of the M u r p h y s Glen ( M U R ) population reflected the high frequency of the Gpi-1
allele that w a s unique to this population (Chapter 3; Table 3.2). Overall though, there
is a strong congruence between geographic position and phenetic similarity. The
striking exception to this congruence w a s the phenetic distinctness of the populations
representing the parapatric subsps. livens (Mayfield ( M A Y ) and Governors Hill
(GOV)) and budawangensis (Mt B u d a w a n g (BUD) and M o n g a (MON)). Three
radiating "arms" appear to influence the plot overall and these correspond to
geographic directions. These were north to L Y R and M U R , south to B U D and M O N
(subsp. budawangensis), and south-west to G O V and M A Y (subsp. livens). Results
were more or less similar for all distance measures, and only the M D S plot from the
Cavalli-Sforza and Edwards chord distance matrix is shown here.

7.3.2.2. Morphological data

The projection of 17 populations of P. mollis with three populations of P. linearis onto
the first two canonical vectors, and summarised by 9 5 % confidence ellipses around
each subspecies m e a n and range, indicated the phenetic distinctness of the Lyrebird
Gully population and the two subsp. livens populations from all others based on 24
morphological characters (Fig. 7.8a,b). This result closely resembles that from the
ordination of allozyme data (Fig. 7.7). Other results are similar, with the notable
exception of the subsp. budawangensis populations that are m u c h less distinct
morphologically from all others than they were w h e n allozyme frequencies were
being compared, and suggests that the morphological similarities between subsp.
budawangensis and subsp. ledfolia are due to homoplasy. O f particular interest is the
relative position of P. linearis to P. mollis, which indicates that morphologically P.
linearis is most similar to the cluster of P. mollis subsps. nectens, ledfolia, revoluta and
caleyi.

7A Discussion

Major differences in topology between trees constructed under the assumption of an
evolutionary clock (i.e. U P G M A ) and those that do not assume equal rates of
divergence (i.e. maximum-likelihood, parsimony, distance-Wagner and neighborjoining methods) indicates that evolutionary rates are unequal in different lineages

20
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Figure 7.8. Projection of 170 individuals of Persoonia mollis from 17 populations (10
from each population) and 30 individuals of P. linearis onto the first 2 canonical
vectors following canonical variates analysis of morphological variation at 24
characters; (a) summarized by 9 5 % confidence ellipses around each taxon m e a n (1-9 =
P. mollis subspecies; 1 mollis, 2 maxima, 3 nectens, 4 ledfolia, 5 revoluta, 6 leptophylla, 7
livens, 8 caleyi, 9 budawangensis; 10 P. linearis); (b) 9 5 % confidence ellipses around each
taxon range (centroids correspond to those in (a)).
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within P. mollis. This is because a similar topology would be expected from all trees
if rates of change were similar in different lineages (e.g. Rohlf and W o o t e n 1988;
Saitou 1988). Therefore, the U P G M A trees are inaccurate reconstructions of the
phylogeny of P. mollis. Of the remaining trees, those derived from distance measures
(i.e. distance-Wagner and neighbor-joining) tend to perform poorly with initially
extreme allele frequencies (Felsenstein 1985). The often extreme allele frequencies in
the current study m a y be one explanation of w h y the trees derived from distance
measures were less optimal than maximum-likelihood and maximum-parsimony trees
w h e n compared under the assumptions of these procedures. Consequently, the
maximum-likelihood and maximum-parsimony trees are currently the best
reconstructions of the true phylogeny of the sampled populations within P. mollis
from these data.

The presence of major elements in all non-UPGMA trees indicates that these patterns
are robust to different assumptions and are well supported. These major patterns
include the extremely close congruence between geographic distance and the position
of each population on the cladistic tree for all populations (with the notable exception
of the comparison between populations of subsps. livens and budawangensis, which is
discussed further below), the early differentiation of the Lyrebird Gully population
(LYR), the well supported clade of all other P. mollis populations and, within this
clade, the split into two clades that although distinct, are weakly differentiated at
their base. Assuming that the geographical distribution of allele frequencies is due to
phylogenesis rather than current ecology (Endler 1983), one scenario that is consistent
with these trees is that they reflect patterns of range expansion and divergence. A
node or H T U can be hypothesized as being the ancestral population in the same or
near geographic location as the population(s) that diverges from it, under the
assumption that absence (or paucity) of autapomorphies is general and not sample
dependent. The anagenic component can then be ignored and the sequence of
ancestral populations hypothesized as the sequence of range expansion and
divergence of a lineage. Rooting the P. mollis clade with P. linearis suggests a
southern and a south-western direction of range expansion and divergence along two
distinct lineages from a northern origin, with a third northerly expansion to give rise
to subsp. mollis. These two southerly range expansions currently terminate in subsp.
budawangensis and subsp. livens populations respectively. These two subspecies share
a hybrid zone along the western foot of the B u d a w a n g Range (Chapter 3).
Consequently, there is compelling evidence to indicate that this hybrid zone is the
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result of secondary contact. In contrast, hybrid zones separating other subspecies
within each of these two lineages appear to be primary in origin, although Endler
(1982) highlights the difficulty in determining this from cladograms. That is,
although historical patterns of divergence m a y be accurately represented by these
cladograms, it is difficult to discount the possibility of more recent range contraction
and expansion following historical patterns of parapatric divergence, resulting in
hybrid zones of secondary contact. This is discussed further in Chapter 8.

A close congruence between the geographic distance between populations and their
position o n a phylogenetic tree is to be expected for recently differentiated
populations in species with low vagility. With time though, this pattern m a y become
obscured because of reticulate evolution. This m a y explain the difficulty in assigning
hierarchical structure to the populations at the base of the clade of all P. mollis
populations except Lyrebird gully. Assuming a southwards direction of range
expansion and divergence, reticulate evolution in these older northern populations
would obscure historical patterns of hierarchical descent. The greater extent of
anagenesis in the most recently derived populations within the subsps. livens and
budawangensis requires explanation as, all else being equal, anagenesis would be
expected to be greater in the oldest branches (Thorpe 1984). However, for selectively
neutral genes, change is also dependent on population size. The current sizes of
these subsps. livens and budawangensis populations are not noticably smaller than
other population sizes. These patterns m a y , however, reflect historical events of
range expansion by small founder populations with subsequent random genetic drift.
Alternatively, these subspecies occur in distinctly different environments to all other
P. mollis subspecies, and most notably by substrate (Chapter 2). Although there w a s
no clear evidence of non-neutrality of allozymes (Chapter 6), the influence of natural
selection requires further investigation.

The phylogenetic patterns in P. mollis suggest comparison to the results of Thorpe
(1984), w h o performed a test of the "direction of evolution" based o n the extent of
anagenesis in branches relative to the position of the branch from the root. The
application of these tests on the P. mollis trees (not shown) suggests a northwards
direction of range expansion along two distinct lineages with reticulate evolution of
the more northerly subspecies. However, this test requires the assumption of equal
rates of evolutionary change in all lineages, which has been clearly s h o w n to be
inappropriate in the current study. Further, there is strong evidence supporting the
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monophyly of P. mollis (Chapter 2; Krauss and Johnson 1991), which discounts this
scenario of separate origins.

Alternatively, these trees are consistent with a directional series of vicariance even
(Rosen 1978). This scenario postulates that the current distribution of populations of
P. mollis w a s the result of the spread of the species over a large geographic range
followed by fragmentation into allopatric populations. These were located in
favourable areas (refugia) during more severe environmental conditions, possibly in
the cooler and drier Pleistocene. These allopatric populations diverged and then
expanded their range until they came into contact, producing the current hybrid
zones. However, given the complexity of the variation within P. mollis (i.e. 9
subspecies) within a small range (i.e. 250 k m from north to south), the absence of
clear refugia for episodes of range contraction, as well as the potential for longdistance gene dispersal (Chapter 4), the vicariance scenario appears less parsimonious
than the model of range expansion with divergence.

Just as congruence of cladograms for different taxa plays a pivotal role for vicariance
biogeographical analyses, the concordance of patterns across taxa can be assessed to
determine whether the patterns in P. mollis are part of a more generalized pattern of
range expansion and diversification, or whether the history of P. mollis is largely
unique and not explainable by some more general pattern. For example, P. linearis is
sympatric with P. mollis for m u c h of its range. Congruence in cladograms of
populations of these two species (and others) would imply similar patterns of range
expansion or diversification. This approach has been used to investigate range
expansion and contact zones following glaciation episodes in Europe and North
America (Barton and Hewitt 1985, 1989).

The maximum likelihood model for allele frequency data assumes that all change is
due to genetic drift. This assumption is perhaps unrealistic for natural populations
(Farris 1983; Endler 1986). The procedure does not explicitly incorporate the addition
of n e w alleles through mutation and the fixation or loss of alleles due to drift.
However, other approaches to phylogeny estimation (e.g. parsimony) also require
restrictive assumptions that m e a n that under some simple models of character change
these procedures can err (Felsenstein 1978). Given the assumptions, m a x i m u m
likelihood procedures are best suited to problems involving conspecific populations
or very closely related species. P. mollis seems well suited to the model as effective
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population sizes, estimated directly from realized pollen dispersal, are amongst the
smallest recorded for plant species (Chapter 5). Even though indirect estimates of
gene flow suggest that seed dispersal is more extensive than pollen dispersal, gene
flow is probably still restricted enough for the diversifying effects of drift to play a
role in the evolution of P. mollis (Chapters 4 and 6).

Where populations vary drastically in size, and genetic drift is an important
evolutionary force, clearly a positive relationship between the extent and the time of
divergence cannot necessarily be expected. A branch length on a tree assuming a
model of all change due to drift will be the result of either time since divergence or
population size (Felsenstein 1981). Consequently, the position on all n o n - U P G M A
trees of the extremely small Lyrebird Gully population (where less than 20 plants are
currently k n o w n ) as the first to diverge from the c o m m o n ancestor of P. mollis and P.
linearis, suggests that the Lyrebird Gully population is a relict from a historically
m u c h larger distribution of subsp. maxima with a relatively recent range contraction.
Alternatively, the position of the root m a y be incorrect. The morphological similarity
between P. linearis and P. mollis subsps. nectens, ledfolia, and revoluta (Fig. 7.8)
suggests that the P. mollis tree m a y in fact be rooted in the vicinity of these
subspecies. Other outgroups are required to test this model.

The placement of many of these population pairs representing subspecies into clades,
rather than in a pectinate hierarchy (e.g. Thorpe 1984; fig. 4), indicates that these
groups have an evolutionary "reality" (as defined by monophyly), rather than just a
clinal sequence. Support for the monophyly and therefore the recognition of
subspecies w a s found for subsps. budawangensis, caleyi, livens, mollis, and on some
trees, subsps. revoluta and leptophylla. However, a test of the robustness of these
clades is required by adding other populations closer to hybrid zones between these
subspecies to the analysis. A s discussed above, at the base of this tree the pattern is
less hierarchical and m o r e clinal, with the exception of Lyrebird Gully (LYR).

The phylogenetic position of the Lyrebird Gully (LYR) population, as well as it's
phenetic distinctness and geographic disjunction from all other P. mollis populations,
suggests that subsp. maxima warrants formal taxonomic recognition at species rank.
Assuming that the divergence of subsp. maxima has occurred under allopatry, two
models of allopatric speciation need to be considered (White 1978; Templeton 1981;
Cracraft 1983; Lynch 1989; see Chapter 1). The first describes the segregation of a
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widespread population into two or more isolates by the initiation of a geological or
ecological isolating barrier. This has been called the vicariance model (Lynch 1989).
The second m o d e of allopatric speciation concerns the isolation, by a founder effect
(dispersal) across a pre-existing barrier, of a small population (or single individual?)
that subsequently differentiates into a n e w taxon (Carson and Templeton 1984). This
has been termed the peripheral isolates model (Lynch 1989). The phylogenetic
position of subsp. maxima as closest to the outgroup, in conjunction with the
extremely small size of the Lyrebird Gully population, suggests that the vicariance
model is a more likely scenario and that Lyrebird Gully plants are a reduced relict
population. However, because of its fit to the classic expectation of the extremely
small size of the peripheral population relative to the presumed source or
"continental" population, the peripheral isolates model cannot be rejected. This is in
accordance with the observation that w h e n in a species group there is a highly
divergent population, it is usually found in a peripherally isolated location (Mayr
1982b). The Hawaiian Drosophila provide m a n y examples where the foundation of
n e w populations is accompanied by speciation (Carson and Templeton 1984).
However, Barton and Charlesworth (1984) argue through theoretical arguments and
empirical evidence that founder effects play a minor role in speciation. In the case of
Hawaiian Drosophila, they argue that the generally small chance of achieving
reproductive isolation or marked phenotypic change in a single founder event means
that founder effects themselves probably do not provide the explanation (Barton and
Charlesworth 1984). The effects of isolation, environmental differences, and
continuous change by genetic drift from the impact of population bottlenecks are
impossible to separate from the influence of founder events (Barton and Charlesworth
1984). Lynch (1989) suggests that vicariant allopatric speciation is the most c o m m o n
m o d e of speciation in vertebrates, and that all other m o d e s are rare. Conversely, all
hybrid zones within P. mollis, apart from the one between subsps. budawangensis and
livens, appear to have arisen in situ. Vicariant allopatric diversification appears an
unlikely explanation of these hybrid zones for the reasons outlined above. However,
it is very difficult to m a k e inferences about the causes of a historical process like
speciation from present-day information such as distribution patterns (Endler 1977,
1982; White 1978; Barton and Charlesworth 1984).

The results of hierarchical, cladistic methods on conspecific populations can be
misleading because of the possibility of reticulate patterns of gene flow a m o n g
incompletely isolated populations, and because of the temporal variability in allele
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frequencies (Crother 1990). Thus the hierarchical structure imposed by branching
models of evolution used in phylogenetic analyses m a y be inappropriate w h e n
applied to geographic populations and results need to be interpreted cautiously
(Swofford and Berlocher 1987). However, the units of phylogenetic reconstruction
need only be temporarily isolated geographic populations and not necessarily species
(Bremer and Wanntorp 1979). This is because what is depicted on a cladogram with
species as terminal taxa is not the sequence of speciation at all but the sequence of
geographic separation of populations (Bremer and Wanntorp 1979). It is the initiation
of speciation, the geographic separation of populations, and not the completion of
speciation, the development of reproductive barriers, that is depicted on a cladogram
(Bremer and Wanntorp 1979). The problem of temporal variability in allele
frequencies (Crother 1990) is not unique to the study of populations and also applies
to the use of species in phylogenetic studies (O'Hara 1993). The units of phylogenetic
reconstruction need only be temporarily isolated (geographic or reproductive) units
(Bremer and Wanntorp 1979). Because of the problems of prospective narration
(O'Hara 1993), the conclusions of any phylogenetic analysis using populations or
species as terminal taxa m a y be ephemeral because although they m a y be
geographically or reproductively isolated currently, terminal taxa (species or
populations) m a y not necessarily be isolated with time.

CHAPTER EIGHT: A TEST OF GENE FLOW, OPTIMAL OUTCROSSING A N D
THE FITNESS OF HYBRIDS ACROSS NARROW HYBRID ZONES IN Persoonia
mollis.

8.1 Introduction

Hybrid zones are narrow regions in which genetically distinct populations meet, mate
and produce hybrids (Endler 1977; Moore 1977; Barton and Hewitt 1985, 1989; Hewitt
1988,1989). M a n y species are subdivided by hybrid zones, and a review of the
literature (Barton and Hewitt 1985) yielded over 150 clear examples in which there
are spatial transitions between hybridizing, parapatric subspecies or races. Hybrid
zones represent stages in the divergence of populations and, as such, the processes
that are involved in the formation and maintenance of hybrid zones m a y be
important in speciation (Barton and Hewitt 1983). Hybrid zones feature in several
models of speciation (Endler 1977; White 1978; Grant 1981; Lynch 1989), and an
understanding of the dynamics of hybrid zones is required to assess models of
parapatric speciation (Endler 1977; Barton and Hewitt 1985, 1989; Harrison and Rand
1989).

Most hybrid zones appear to involve some form of hybrid "unfitness", and are
maintained by a balance between random dispersal and selection against hybrids
(Barton and Hewitt 1985,1989; Hewitt 1988,1989). These areas have been termed
"tension zones" (Key 1968) because they tend to m o v e to minimize their length.
M a n y are thought to be the result of secondary contact following fluctuating patterns
of range expansion and contraction, and they m a y or m a y not be correlated with
environmental clines (Endler 1977; Barton and Hewitt 1985; Hewitt 1989). Although
neutral alleles m a y pass through hybrid zones, studies thus far suggest that m a n y
species are divided into compartments a m o n g which gene flow is greatly reduced
(Hewitt 1989). However, the study of hybrid zones in plant species has been m u c h
neglected compared to other taxa, and is an area in need of attention (Hewitt 1988).
In contrast to the above generalizations, Levin and Schmidt (1985) found no evidence
for hybrid disadvantage, and suggested that restricted gene flow is responsible for
maintaining a hybrid zone in the plant Phlox drummondii. Of the few recent studies
of hybrid zones in plants, most have focused on introgression between species (e.g.
Warwick et al. 1989; DePamphilis and Wyatt 1990; Bousquet et al. 1990). The overall
objective of the current study w a s to investigate some narrow hybrid zones within

the complex species Persoonia mollis, with a view to understanding the processes that
m a y be important in forming and maintaining these zones. W h a t makes this study
distinctive is that the phylogenetic framework is understood, because the nine
subspecies currently recognised within P. mollis possess a clear and distinct
synapomorphy and are therefore monophyletic (Krauss and Johnson 1991; Chapter 2).
Consequently, current evidence suggests that the variation within P. mollis has been a
result of divergence from a c o m m o n unique ancestor. A s such, the analysis of hybrid
zones in P. mollis is of particular relevance to models of divergence and speciation
within plants.

Recent evidence suggests that reduced fitness may not only be a characteristic of
most hybrid zones but m a y also be a function of the spatial distance between mates
within a species (reviewed by Waser 1993). For a self-incompatible plant, the
extremes of mating are self-fertilization and inter-specific mating. These crosses m a y
result in zero seed set because of genetic incompatibility. Between these extremes,
there is empirical evidence for a graded response in fitness effects with distance
between mates, where the distance between mates is assumed to reflect their genetic
similarity (Waser 1993, and references therein). Consequently, in a population
structured by restricted gene flow or spatially varying selection, the fittest progeny
are expected to be produced by an optimal outcrossing distance that is intermediate
between distances that produce overly inbred or outbred matings (Bateson 1978;
Waser 1993). Evidence for an optimal outcrossing distance has been inferred to
reflect maternal choice against overly inbred or outbred matings that produce inferior
offspring (Stephenson 1981; Willson and Burley 1984; Ayre and Whelan 1989; Waser
1993). However, a n u m b e r of studies have found no relationship between
outcrossing distance and the success of different crosses (e.g. Bertin 1982; Levin 1989;
Newport 1989; Broyles and Wyatt 1991; Waser 1993, and references therein).

A specific objective of the current study was to examine fitness effects where the
genetic similarity of mates w a s not only affected by distance, but also transcended
hybrid zones between morphologically well-differentiated populations within the
complex species P. mollis. The null hypothesis being tested w a s that offspring from
all matings were equally fit. In m a n y experiments that have investigated fitness
effects of outcrossing distance, statistically significant treatment differences were not
found because there w a s a small probability of detecting a false null hypothesis (i.e.
low power and a large type II statistical error) (Waser 1993). It is reasonable to

expect a demonstration of sufficient power to detect differences before accepting or
rejecting a null hypothesis as a statement about biology (Waser 1993). By testing for
optimal outcrossing across narrow hybrid zones between genetically distinct
populations, the biological power to detect an optimal outcrossing effect w a s
maximized in the current study. Fruit set and weight w a s assessed following
pollination treatments ranging from a few metres u p to 15 k m and across narrow
hybrid zones. A second fully reciprocal pollination experiment between plants from
geographically isolated populations (separated by 100 to 150 k m ) w a s subsequently
conducted as, surprisingly, no evidence for differential fitness effects w a s found at
the smaller distances.

Persoonia mollis plants are particularly appropriate for these experiments, and are
typical of m a n y Proteaceae in possessing great potential for maternal choice, because
they often produce extremely large numbers of flowers, are rarely pollen limited and
yet fruit set is extremely low (Ayre and Whelan 1989; Vaughton and Carthew 1993;
Krauss 1994a; Chapter 4). In P. mollis, a delay in fruit abscission of u p to 30 weeks
after pollination, regardless of pollen source (self or outcross), further supports a
mechanism of preferential selection of the most vigorous zygote genotypes by postzygotic maternal choice (Krauss 1994a; Chapter 4). Fruit set following selfing is
negligible due to a pre-zygotic "pseudo" self-incompatibility mechanism (Krauss
1994a; Chapter 4), and outcrossing rates are not different from unity in P. mollis
(Krauss 1994b; Chapter 5).

A second objective of the current study was to estimate levels of gene flow between
plants close to and either side of the hybrid zones indirectly from allozymes using
gene diversity statistics (Nei 1973; Nei and Chesser 1983) and the procedure of
Slatkin (1985b). These estimates of gene flow differ from those in Chapter 6 because
of a different emphasis on scale. Study populations are separated by u p to 15 k m in
the current study, compared to distances of u p to 100 k m in the previous study.

Thirdly, the potential for natural cross-pollination among subspecies was assessed by
transplanting flowering plants into natural populations of different subspecies and
monitoring the m o v e m e n t of unique allozyme markers. This w a s a test of possible
pre-pollination isolation resulting from discrimination by pollinators. Clearly, this
possibility needed to be eliminated before the results of the pollination experiments
could be meaningfully interpreted.

8.2 Materials and methods

8.2.1 Genetic structure and gene flow across morphological transition zones

Eighty-nine plants were randomly sampled from transects (determined by
accessibility) across zones of morphological transition between P. mollis subsps.
revoluta, livens and ledfolia (Fig. 8.1). These hybrid zones were identified in Chapter
3. Each plant w a s classified as a m e m b e r of a subspecies or as an intermediate by
consideration of the diagnostic morphological variables of height and leaf width,
shape, colour, and pubescence (Table 8.1; see also Chapters 2 and 3). Sampling
involved the collection of buds that were immediately stored in liquid nitrogen for
later electrophoresis. Electrophoresis procedures were as set out in Chapter 4, and
each plant w a s scored for eight variable loci (Pgm-1, Gpi-2, Aat-1, Aat-2, Aat-3, Pgd-1,
Pgd-2, and Pgd-3).

These data were converted to a presence/absence matrix for alleles and plants.
Overall similarity between plants w a s estimated from this matrix by the Bray-Curtis
measure (Bray and Curtis 1957), the results of which were summarized in 2
dimensions by the ordination procedure non-metric multidimensional scaling
( N M D S ) using the P A T N program (Belbin 1993) (see Chapter 3 for a detailed
discussion of this procedure). Indirect estimates of gene flow (Nm) across the hybrid
zones were calculated from F-statistics (Wright 1951) and from the m e a n frequency of
private alleles (p(D) (Slatkin 1985b) (see Chapter 4 for a detailed discussion of these
procedures), where plants classified into subspecies constituted three subpopulations
in the analyses. F-statistics were estimated by the gene diversity measures (G^) of
Nei (1973), unbiased for sample size (Nei and Chesser 1983). The deviation of G S T
from zero at each locus w a s tested by %2 = 2 N G S T (k-1) with (k-D(s-l) df, where N
is the total sample size, k is the number of alleles at each locus and s is the n u m b e r
of subpopulations.

8.2.2 Study populations

One population from each of the three parapatric subspecies was selected for the
pollination manipulation experiments. These were Belanglo (BEL: subsp. revoluta);
Paddys River (PAD: subsp. livens); and Long Acre (LON: subsp. ledfolia) (Fig. 8.1).
The morphological distinctness of these populations w a s confirmed by the criteria in
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Figure 8.1. The hybrid zone between Persoonia mollis subsps. revoluta, livens and
ledfolia. Inset indicates the location of the detailed area. Small letters refer to the
location of plants sampled for electrophoresis and classified into subspecies according
to the criteria in Table 8.1 (R = revoluta; V = livens; L = ledfolia; I = morphological
intermediates). Also indicated are the locations of the 3 populations containing the
plants used in the reciprocal pollination experiment (A = Long Acre; B = Belanglo; C
= Paddys River), as well as the location of the one other population from each
subspecies that provided the source of pollen for this treatment (d-f). The
approximate boundaries between these subspecies are indicated by the unbroken
lines. These boundaries do not necessarily indicate a contact zone.

Table 8.1. The main diagnostic morphological features of Persoonia mollis subsps.
revoluta, livens and ledfolia. See also Chapter 2.

subspecies

diagnostic morphological characteristics

revoluta

prostrate to procumbent habit, with elliptical, green, sparselypubescent leaves that are usually broader than 6 m m .

livens 0.8 - 2 m high, with linear, grey, densely- pubescent leaves that
are less than 2 m m wide.

ledfolia

0.8 - 2.5 m high, with linear-oblong to oblong-lanceolate, green,
sparsely-pubescent leaves that are 3 - 6 m m wide.
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Table 8.1. The Belanglo population w a s 5 k m from the Long Acre population and
these two were both 15 k m from the Paddys River population (Fig. 8.1). The
Belanglo and Long Acre populations both occur on Triassic Hawkesbury Sandstone,
although the Belanglo population occurs on deep sand while the Long Acre
population occurs on more skeletal soils. The Paddys River population occurs on
gravelly soil over Ordovician sediments (1:500 000 geological m a p of the Sydney
Basin, 1969).

8.2.3 Pollination treatments

Four plants in each of the three populations (Belanglo, Paddys River, Long Acre)
were randomly chosen. O n each plant, four flowering branches were bagged with
insect m e s h to exclude pollinators. W h e n initially bagged on the 30th of December,
1991, any open flowers present were removed. Each bagged branch w a s then
randomly assigned a source of pollen. The four pollen sources were;

1. Belanglo;
2. Long Acre;
3. Paddys River;
4. a different population from the same subspecies.

The populations providing the pollen source for treatment 4 were between 4 and 15
k m from the pollinated plants (Fig. 8.1). Another two branches per plant were
tagged and monitored to assess fruit set following natural pollination. Consequently,
treatments 5 and 6 were natural pollination. Natural pollination w a s replicated on
each plant to assess the plant to plant variation in natural fruit set, as previous results
(Krauss 1994a; Chapter 4) have suggested that this m a y be significant.

Flowers within bagged inflorescences were pollinated as they opened with the
appropriate pollen by rubbing a fresh anther on the stigma. Pollinating w a s
performed on average every five days between the 3rd of January and the 28th of
February, 1992. It w a s previously found that this pollinating schedule would
effectively treat all flowers, as flowers are receptive for about five days after anthesis
(Krauss 1994a; Chapter 6). The time between collection of each pollen source and
pollination with that pollen w a s standardised to the m a x i m u m time taken (i.e. the
time to drive between the furthermost populations) to eliminate this as a possible

confounding factor. Thus pollen donors from within the population to be pollinated
(treatment 1 above) were collected approximately one hour before pollinating. Pollen
donors were maintained during this time by sitting branches containing the pollen
donor flowers in containers of water. At least five plants were randomly selected as
pollen donors from each source population on each pollinating day.

The total number of flowers pollinated per treatment per plant was monitored by
counting at each pollinating event the number of unopened flowers, the number of
open and receptive flowers, and the number of post-pollinated flowers. The later
were distinct because they loose their tepals about seven days after anthesis. The
m e a n number of flowers pollinated per plant per treatment w a s 245,

One week after the completion of pollinating of all flowers, all bags were removed.
Counts of swollen fruits were m a d e 19 weeks after the commencement of pollination
(17th M a y 1991), and converted to percentages of the total number of flowers
pollinated for each treatment on each plant. Results from an earlier experiment
indicated that fruit set at 19 weeks w a s not significantly different to final fruit set for
outcrossed flowers (Krauss 1994a and Chapter 4, Fig. 4.5). Fruit set is approximately
double seed set because P. mollis flowers contain 2 ovules of which almost always
only one develops to seed in these populations (pers. obs.). These data were then
analysed by a balanced 2 factor orthogonal A N O V A (Winer 1970; Underwood 1981),
where factor 1 w a s pollen source (with 6 levels: the 4 pollination manipulations plus
two naturally pollinated treatments), and factor 2 w a s population (with 3 levels:
Belanglo, Paddys River and Long Acre) and there were 4 replicates. Both factors
were fixed. For this and subsequent A N O V A ' s , homogeneity of variances w a s tested
by Cochrans test (and where necessary data transformed) and a posteriori tests for
significant factors were performed using Tukey tests (Winer 1970; Underwood 1981).

The plant-to-plant variation in fruit set following natural pollination was assessed
separately by a 2 factor nested A N O V A , where factor 1 w a s population and fixed
(with 3 levels), and factor 2 w a s plant and w a s nested within factor 1 (with 4 levels)
and there were 2 replicates.

Final counts of mature fruit were possible only at the Long Acre population because
of disturbances to the other 2 populations, and were carried out 45 weeks after the
commencement of pollination (on the 7th November 1991). Counts were converted to

106
percentages of the total number of flowers pollinated for each treatment on each
plant. These data were then analysed by a balanced 1-factor A N O V A , where the
factor w a s pollen source (with 6 levels as above), and there were 4 replicates.

A random sample of 20 fruits per plant per treatment from the Long Acre population
were also wet-weighed to assess fruit quality. These data were analyzed by a
balanced 2 factor orthogonal A N O V A , where factor 1 w a s pollen source and w a s
fixed (with 5 levels: i.e. the four pollination manipulations plus natural pollination),
and factor 2 w a s plant and w a s random (with 4 levels).

8.2.4 Second pollination experiment

Plants originating from populations of P. mollis subsp. mollis (Murphys Glen and
Waratah), subsp. ledfolia (Meryla and Red Rocks) and subsp. leptophylla
(Yarramunmah and Billys Hill) (see Chapter 6 for population details) were used in a
reciprocal pollination experiment at M t A n n a n Botanic Gardens, Sydney. The two
subsp. mollis populations are separated geographically from the populations of subsp.
ledfolia by c. 100 k m and from the populations of subsp. leptophylla by c. 150 k m . The
populations of subsp. ledfolia are separated geographically from those of subsp.
leptophylla by c. 50 k m (see Fig. 4.1), Three plants from each of these subspecies were
used, each having been grown from cuttings collected during November 1990 (see
Chapter 9 for details). O n each plant, three branches were separately bagged with
insect m e s h to exclude pollinators. Each branch w a s then randomly assigned a
different source of pollen. Pollen sources were one of the three subspecies, and in
each case one plant that w a s k n o w n to be genetically unique from all others w a s the
pollen donor (thereby avoiding the potentially confounding effect introduced by selffertilization). Thus, each pollinated plant received identical pollen for each of three
pollen source treatments.

Flowers were pollinated every two to three days between the 11th January and the
27th January, 1993. The flowering period w a s m u c h shorter than previously reported
for natural populations, presumably because of the more favourable conditions of the
shadehouse where the plants were housed. Counts of flowers were m a d e as outlined
previously. The m e a n number of flowers pollinated per treatment per plant w a s 52.
Fruit development w a s monitored by counting the number of swollen fruit every
three weeks from the 23rd March until the 26th July, and counts converted to
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percentages of the total number of flowers pollinated. Final percentage fruit set (26th
July, 28 weeks after the commencement of pollination) w a s analyzed by a 2 factor
orthogonal A N O V A , where factor 1 w a s pollen source and fixed (with 3 levels), and
factor 2 w a s subspecies and fixed (with 3 levels), and there were 3 replicates.

8.2.5 Pollinator discrimination

To assess whether pollinators discriminate between the distinct morphological forms
of P. mollis and therefore prevent or restrict pollen flow across transition zones, one
plant from each of subsps. ledfolia, livens and revoluta w a s transplanted into a small
natural population of subsp. revoluta (Soapy Flat, see Chapter 4 for a description of
this population). Transplanted plants were removed from their natural locations
between the 9th September and the 17th December 1991, placed in large pots, and
allowed to recover at M t A n n a n Botanic Gardens, Sydney. They were then placed
into the Soapy Flat population on the 15th January 1992. A n y open flowers were
removed at this stage. All plants were placed at the edge of a large prostrate subsp.
revoluta resident that w a s relatively isolated from other local P. mollis plants, where
there were only three other subsp. revoluta plants within a 200 m radius, and the
nearest being 100 m away.

These plants were left undisturbed except for regular watering of transplanted plants
(which remained in pots) until the 10th March 1992, w h e n they were returned to M t
A n n a n Botanic Gardens. Of the transplants, only the subsp. ledfolia plant survived to
produce mature seed. All mature seed w a s collected from this subsp. ledfolia
transplant, and a random sample of seeds were collected from the large resident
subsp. revoluta plant, in N o v e m b e r 1992.

Realized pollen flow among these plants was detected by electrophoresis of seeds as
both the resident subsp. revoluta plant and the transplanted subsp. ledfolia plant
possessed unique alleles. Electrophoretic procedures were as set out in Chapter 7.
The subsp. ledfolia plant w a s heterozygous for an A D H locus (Adh-1: "AB" genotype)
with an allele ("B') unique to the Soapy Flat population (detected by genotyping all
transplants and all Soapy Flat plants in a 200 m radius of the transplant location).
The resident Soapy Flat plant w a s heterozygous for a P G M locus (Pgm-1: "AB"
genotype) with an allele ("B") that w a s present in only one other Soapy Flat plant 100
m away. All other plants (including the other dead transplants) were homozygous

for the c o m m o n alleles at these 2 loci. Consequently, any seed from the subsp.
ledfolia plant that w a s "AB" heterozygous at the Pgm-1 locus must have been
pollinated naturally with subsp. revoluta pollen. A n y seed from the subsp. revoluta
plant that w a s "AB" heterozygous at the Adh-1 locus must have been pollinated
naturally with pollen from the subsp. ledfolia plant.

A preliminary investigation of the pollinators of P. mollis, known to be bees
(Michener 1973; P. Bernhardt, pers. com.), w a s carried out by collecting and
identifying bees that were visiting flowers of subsp. revoluta and subsp. livens plants
in January 1991. This w a s done in conjunction with Dr. Peter Bernhardt of the Royal
Botanic Gardens, Sydney.

8.3 Results

8.3.1 Genetic structure and indirect estimates of gene flow

Allele frequencies for 8 polymorphic loci for 89 plants around the hybrid zones
between P. mollis subsps. revoluta, livens, and ledfolia were consistent across
subspecies for most loci (Table 8.2). O n e exception w a s Aat-1, where there w a s an
absence of one allele in subsp. revoluta plants that w a s in significantly higher
frequency (0.15 and 0.18) in both subsp. ledfolia and subsp. livens (£=14.8; P<0.001).
Ordination of these data showed no overall heterogeneity a m o n g subspecies based on
these 8 polymorphic loci (Fig. 8.2). This genetic homogeneity is in marked contrast to
the morphological heterogeneity (Table 8.1).

GST was not significantly different from zero for seven of the eight loci (Table 8.3).
Only Aat-1, with an estimate of G S T of 0.0419 w a s in excess of zero (x2=14.9, P<0.001).
Consideration of allele frequencies (Table 8.2) shows an absence of allele 4 at the Aat1 locus for subsp. revoluta, and suggests that this allele m a y be selected against in the
locations that subsp. revoluta occupies. Indirect estimates of Nm

from G^ were

extremely high, and indicated that there were no barriers to gene flow across these
hybrid zones (Table 8.3). The m e a n frequency of private alleles w a s 0.0263 (s.e. =
0.0037) giving an estimate of Nm

from p(l), corrected for sample size, of 9.03.

Table 8.2. Allele frequencies and sample sizes for 8 polymorphic loci for plants
classified into one of three subspecies (subsps. revoluta, livens and ledfolia) near and
around the hybrid zones between these subspecies. Locus and allele numbers follow
those in chapter 6.

revoluta
n=21

livens

ledfolia

n=34

n=34

Pgm-1

1

.000

.000

.015

3

.000

.000

.015

5

1.000

1.000

.970

1

.025

.000

.000

2

.950

.985

.940

3

.025

.015

.060

1

.020

.000

.000

3

.980

.820

.850

4

.000

.180

.150

2

1.000

.985

.985

3

.000

.015

.015

1

.240

.120

.150

2

.740

.760

.820

3

.020

.120

.030

1

.000

.015

.040

2

.980

.970

.885

3

.020

.015

.015

4

.000

.000

.060

2

.000

,040

.015

3

1.000

.960

.985

2

.050

.030

.015

3

.950

.970

.985

Gpi-2

Aat-1

Aat-2

Aat-3

Pgd-1

Pgd-2

Pgd-3

Figure 8.2. Ordination ( M D S ) of allozyme variation for 89 plants from near and
around the hybrid zones between P. mollis subsps. revoluta, livens, and ledfolia (see
Fig. 8.1). Each subspecies is represented by a 9 5 % confidence ellipse around the
distribution of plants. Data were presence/absence for 23 alleles from 8 polymorphic
loci. Stress = 0.1941.

Table 8.3. Unbiased genetic diversity statistics and estimates of Nm from G^ for 8

polymorphic loci a m o n g P. mollis subsps. revoluta, livens, and ledfolia near and aroun
the hybrid zone between them. Nm is here panmictic w h e n G^ = 0.

locus

Hs

HT

GST

Nm

Pgm-1

0.020

0.020

0.003

77.9

Gpi-2

0.081

0.081

0.000

panmictic

Aat-1

0.200

0.209

0.042"

5.7

Aat-2

0.020

0.020

0.000

panmictic

Aat-3

0.371

0.372

0.004

67.3

Pgd-1

0.105

0.107

0.016

15.9

Pgd-2

0.036

0.036

0.003

77.9

Pgd-3

0.062

0.062

0.000

panmictic

total

0.112

0.113

0.013

19.0

total1 0.099 0.100 0.004 62.3

** indicates GST in excess of zero (P<0.01); total1 is mean over 7 loci (all except fo
1).

8.3.2 Fruit set

The source of pollen had no effect o n fruit set w h e n measured 19 weeks after the
c o m m e n c e m e n t of pollinating (Table 8.4). However, the populations did show
significantly different levels of fruit set, with Paddys River (mean = 55.37%, s.e. =
2.20) in excess of both Belanglo (mean = 40.10%, s.e. = 3.35) and Long Acre (mean =
34.69%, s.e. = 2.62). Fruit set in the latter two populations were not significantly
different (Tukey test, P<0.01). Tabulating percentage fruit set at 19 weeks for each
population against outcrossing distance from the pollen source, regardless of taxa,
revealed no consistency of fruit set with distance across populations and suggests no
evidence for optimal outcrossing for the distances tested here (Table 8.5). Fruit set
following natural pollination did not differ significantly a m o n g plants within
populations in this experiment (Table 8.6), but the difference a m o n g populations w a s
almost significant (P=0.05) and reflected the trends above.

The source of pollen had no effect on final fruit set (45 weeks after the
c o m m e n c e m e n t of pollination) in the Long Acre population (Table 8.7). M e a n fruit
set w a s extremely consistent across treatments and varied from 17.6% (s.e. 3.4) fruit
set for naturally pollinated flowers (i.e. combining treatments 5 and 6) to 25.5% (s.e.
6.1) fruit set for flowers manually pollinated with pollen from the same population.
Other values were 23.4% (s.e. 8.1) fruit set (pollen from Paddys River), 23.2% (s.e. 5.6)
fruit set (pollen from Belanglo), and 20.7% (s.e. 5.1) fruit set (pollen from Penrose).

8.3.3 Fruit weight

There was a significant interaction between plant and pollen source for fruit weight
in the Long Acre population (Table 8.8). A plot of fruit weight for treatment means
for each plant shows that pollen from Belanglo and natural pollination for plant 2
were the sources of the significant interaction (Fig. 8.3). A Tukey test of means
showed that fruit weight following treatments 3 and 5 w a s higher for plant 2 than all
other plants at these two treatments respectively, as well as being higher than all
other treatments on plant 2 (P<0.01). Apart from these two results, the trends across
treatments and plants were consistent (Fig. 8.3). These results suggest that allocation
of resources to seed development m a y vary from branch to branch on a plant.
Overall though, there w a s no evidence to suggest that seed quality is affected by the
source of pollen, nor the distance from the source of pollen, in this population.

Table 8.4. T w o factor orthogonal A N O V A of the m e a n percentage fruit set 19 weeks
after the commencement of pollination for 6 sources of pollen in 3 populations near
and around the hybrid zones between P. mollis subsps. revoluta, livens, and ledfolia.
Data are untransformed, Cochrans C = 0.22, N S , n = 4.

Source

SS

df

MS

F

P

Pollen (A)

1239.88

5

247.98

1.42

0.231

Population (B)

5524.75

2

2762.37

15.84

0.000

AxB

2025.05

10

202.50

1.16

0.337

Residual

9415.83

54

174.36

Table 8.5. Outcrossing distance effects on percentage fruit set 19 weeks after the
commencement of pollination in each of three populations near hybrid zones between
P. mollis subsps. revoluta, livens, and ledfolia. Fruit set from natural pollination w a s
not included. SE in parentheses.

outcrossing distance

population

<50m

4-5km

8km

12km

14km

15km

BEL

47.2

32.6

30.9

-

33.2

-

(7.0)

(3.5)

(5.0)

41.3

38.0

.

(3.2)

(5.2)

50.0

48.6

(3.4)

(3.2)

LON

PAD

(2.3)

35.9

-

(8.4)

(2.1)

_

-

33.0

60.7

52.9

(8.7)

(3.5)

Table 8.6. T w o factor nested A N O V A of the m e a n percentage fruit set 19 weeks after
the commencement of natural pollination for 4 plants in each of 3 populations near
and around the hybrid zones between P. mollis subsps. revoluta, livens, and ledfolia.
Data are untransformed, Cochrans C = 0.50, N S , n = 2.

Source

SS

df

MS

F

P

Population

3670.09

2

1835.05

4.23

0.051

Plant (Popn)

3905.26

9

433.92

2.08

0.118

Residual

2497.60

12

208.13

Table 8.7. A N O V A of the m e a n percentage fruit set following 6 pollination
treatments in the Long Acre population (P. mollis subsp. ledfolia) 45 weeks after the
commencement of pollination. Data are untransformed, Cochrans C = 0.35, N S , n =
4.

Source

SS

df

MS

Pollen

506.15

5

101.23

Residual

2274.39

18

126.35

0.80

0.563

Table 8.8. T w o factor orthogonal A N O V A of m e a n fruit weight following 5
pollination treatments for 4 plants in the Long Acre population (P. mollis subsp.
ledfolia) 45 weeks after the commencement of pollination. Data are untransformed,
Cochrans C = 0.10, N S , n = 20.

Source

SS

df

MS

F

P

Pollen (A)

73736.0

4

18434.0

0.52

0.724

Plant (B)

728672.0

3

242890.7

73.49

0.000

AxB

426924.0

12

35577.0

10.76

0.000

Residual

1255915

380

3305.0
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Figure 8.3. M e a n fruit weight per branch (i.e. the pollen source x plant interaction) for 4
plants and 5 pollen sources in the Long Acre population 45 weeks after the
commencement of pollination. Data are means of 20 fruits. All standard errors (not
drawn) were between 8 and 18 mg.

110
8.3.4 Second pollination experiment

There w a s a significant interaction between subspecies and pollen source for
percentage fruit set measured 28 weeks after the commencement of pollination (Table
8.9). A Tukey test of m e a n s showed that fruit set for subsp. mollis plants following
pollination with subsp. mollis pollen w a s in excess of fruit set for subsp. mollis
following pollination with pollen from both subsp. ledfolia and subsp. leptophylla (Fig.
8.4). N o such pollen effect w a s found for any other subspecies. Apart from subsp.
mollis pollen for subsp. mollis, fruit set for subsp. mollis and subsp. leptophylla w a s
significantly less than fruit set for subsp. ledfolia (Fig. 8.4: Tukey test, P<0.05).

8.3.5 Pollinator discrimination

Fifty two mature seeds from the subsp. ledfolia plant were genotyped for the Adh-1
and Pgm-1 loci. This w a s from a total of 532 flowers, giving 9.8% fruit set. Forty six
randomly chosen mature seeds from the subsp. revoluta plant were similarly
genotyped, but no measure of percentage fruit set w a s made. Counts of seed
genotypes showed clearly that there w a s natural pollen exchange between these two
subspecies w h e n they occur together (Table 8.10). For the subsp. ledfolia plant, the 21
seeds that possessed the Pgm-1 "B" allele must have been fathered by a subsp. revoluta
plant, the most likely being its immediate neighbour. Eliminating 10 seeds that
appear to have been fathered by pollen from Persoonia linearis (see below), this w a s
not significantly different to the expected number of seeds with this allele if all seeds
were fathered by the large resident P. mollis subsp. revoluta plant (x2 = 0.10, P>0.05).
For the subsp. revoluta plant, the 4 seeds that contained the "B" allele for the Adh-1
locus must have been fathered by the introduced subsp. ledfolia plant, as it w a s the
only k n o w n source of this allele in this population. This low n u m b e r of seeds
fathered by the subsp. ledfolia plant w a s not surprising as the subsp. revoluta plant
w a s extremely floriferous with tens of thousands of flowers, while the subsp. ledfolia
plant produced 532 flowers. However, the source of the Pgm-1 "C" allele w a s
u n k n o w n and m a y be attributable to long distance pollination (greater than 200 m ) .
The source of the Adh-1 "C" allele, which occurred in 10 of 52 subsp. ledfolia seeds
and 8 of 46 subsp. revoluta seeds, w a s apparently revealed by genotyping seeds from
sympatric Persoonia linearis plants. Three P. linearis plants were genotyped and found
to be h o m o z y g o u s for the Adh-1 "C" allele, indicating realized inter-species pollen
flow between these two species.

Table 8.9. T w o factor orthogonal A N O V A of m e a n percentage fruit set 28 weeks after
the c o m m e n c e m e n t of fully reciprocal pollination between P. mollis subsps. mollis,
leptophylla and ledfolia. Data are untransformed, Cochrans C = 0.33, N S , n = 3.

Source

SS

df

MS

F

P

Pollen (A)

128.1

2

64.0

0.51

0.607

Subspecies (B)

7431.4

2

3715.7

29.81

0.000

AxB

1815.8

4

453.9

3.64

0.024

Residual

2243.5

18

124.6

Table 8.10. Counts of seed genotypes at 2 loci for 2 plants following transplantation
of a subsp. ledfolia plant into a small natural subsp. revoluta population and allowing
natural pollination to occur. Maternal genotypes are indicated. The total number of
seeds genotyped for subsp. ledfolia plant = 52 and for the subsp. revoluta plant = 46.

plant

seed genotype (Pgm-1/Adh-1)

(maternal genotype)

aa/-

ab/-

ledfolia

30

24

ac/-

-/aa

-/ab

21

15

27

21

34

(aa/ab)

revoluta
(ab/aa)

-/be

-/ac

70
60
cu

subspecies
(pollen)

SO

mol

ca
CD
CJ
QJ
Q.
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ep

led
lep
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Figure 8.4. M e a n fruit set per branch (i.e. the pollen source x plant interaction) for 3
subspecies and 3 pollen sources 28 weeks after the c o m m e n c e m e n t of pollination
between subsp. mollis, leptophylla and ledifolia. Data are means of three branches.

Several species of presumed pollinators of P. mollis were collected from flowers of
subsp. revoluta and subsp. livens plants. These were Leioproctus speculferus
(Colletidae), L. raymenti, Nomia sp. (Halictidae), Amegilla sp. (Anthophoridae),
Chalicodoma sp. (Megachilidae), and the introduced honeybee Apis mellfera (Apidae).

8.4 Discussion

There was no detectable fitness effect following pollination across narrow hybrid
zones of morphological transition between three parapatric subspecies in P. mollis
(subsps. revoluta, livens and ledfolia). This result w a s surprising for two reasons.
First, m a n y studies of hybrid zones have implicated or s h o w n selection against
hybrids as a factor maintaining them (Barton and Hewitt 1985,1989, Hewitt 1988,
1989). Second, there is increasing evidence in m a n y plant species for an optimal
outcrossing distance between mates (Waser 1993), and such an effect would be
expected, if anywhere in P. mollis, across hybrid zones between genetically distinct
populations. Assuming that fruit set and weight in P. mollis accurately reflect fitness,
then it must be concluded that (1) hybrid "unfitness" does not maintain the hybrid
zones in P. mollis between subsps. revoluta, livens and ledfolia, and (2) there is no
evidence in P. mollis for optimal outcrossing at the distances so far investigated.
However, there w a s evidence for asymmetric outbreeding depression within P. mollis
at distances of 100 to 150 k m . Alternatively, as the estimates of hybrid fitness used in
this study are weak, they m a y not adequately detect fitness differentials. These
conclusions are expanded u p o n below.

Endler (1977) described a model, referred to as the hybrid-equilibrium model (Van
D e n Bussche et al. 1993), to explain the situation in which hybrid individuals are
neither advantageous nor disadvantageous compared to parental populations. In this
model, all individuals are able to breed succesfully and produce offspring with all
other individuals. Other models involve either reduced hybrid fitness ("dynamicequilibrium model", i.e. tension zones) or superior hybrid fitness ("hybrid-superiority
model", where hybrids are more fit than parentals in a narrow ecotone separating the
parentals) (Moore 1977; Barton and Hewitt 1985). A s I have been unable to
demonstrate that hybrids are more or less fit than either parental type, these data
support the hybrid equilibrium model, over the two alternatives, as an explanation
for the maintenance of these narrow hybrid zones in P. mollis. However, the current
study is only a w e a k test of these models, and other approaches (e.g. V a n D e n
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Bussche et al. 1993) are required.

There are a n u m b e r of explanations possible to account for the maintenance of the
hybrid zones given no detectable reduction in fitness of hybrids. O n e is that the
hybrid zones are being maintained by restricted gene flow of selectively neutral genes
(e.g. Levin and Schmidt 1985). L o w dispersal rates relative to the hybrid zone width
means that very small, m a y b e undetectable, levels of selection against hybrids are
sufficient to maintain stable zones (Bull 1979; Barton and Hewitt 1982). However,
these explanations are not applicable for the hybrid zones between P. mollis subsps.
revoluta, livens and ledfolia, as indirect estimates of gene flow from two different
procedures clearly showed that, assuming neutrality of alleles, gene flow is not
restricted across these hybrid zones. Evidence for non-neutrality w a s found at only
one out of eight variable loci, suggesting that non-neutrality is not adversely affecting
estimates of Nm.

The possibility of stabilizing selection equally affecting all seven

loci and therefore inflating the estimates of Nm appears remote (Slatkin 1987).
Importantly, evidence for natural pollen flow between plants of different subspecies
w h e n sympatric indicated that pollinator discrimination does not prevent effective
pollen dispersal between these plants. A s discussed elsewhere (Chapters 5 and 6;
Krauss 1994b), there is the potential for long-distance gene flow in P. mollis via the
dispersal of fruits (drupes) by large birds such as Currawongs (Strepera spp.).
Therefore, all the available evidence suggests that gene flow is extensive across the
zones and that the hybrid zones between P. mollis subsps. revoluta, livens and ledfolia
are not being maintained by restricted gene flow.

Alternatively, the non-detection of a fitness effect suggests that the hybrid zones may
be ephemeral and that they are becoming gradually broader and the clines shallower
as the populations fuse through introgressive hybridization following secondary
contact. Fusion would occur if the two isolated populations had not diverged to a
point where hybrids would be selected against. However, a number of lines of
evidence suggest that these zones are not temporary. Firstly, other evidence suggests
that these zones have resulted from primary divergence, rather than secondary
contact (discussed further below). Secondly, the correspondence of the hybrid zones
with edaphic ecotones suggests a degree of permanence (also discussed below).
Finally, the detailed study of m a n y hybrid zones suggests that stability m a y be the
rule rather than the exception (Moore 1977; K e y 1981; Barton and Hewitt 1985; 1989).
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A scenario that is consistent with the results of this study is that these hybrid zones
result from recent secondary contact due to range expansion following earlier
differentiation in isolation (cf. Millar 1983; H e y w o o d 1986). M a n y of the well-studied
hybrid zones appear to be formed by secondary contact following post-glacial
expansion since the last ice-age, and possibly through m a n y episodes of contraction
and expansion during several ice-ages in Europe and North America (Barton and
Hewitt 1985; Hewitt 1988). However, this scenario seems inappropriate for P. mollis
because the region it currently occupies has been relatively stable through recent
geological time, because gladations have had little impact and modern vegetation
distributions in Australia have been unchanged for about 10000 years B.P. (Hope
1984). However, introgression b y simple diffusion of adaptively neutral alleles can be
a very slow process (Barrowclough 1980).

The consideration of three different sources of evidence together suggests that it is
unlikely that the hybrid zones between P. mollis subsps. revoluta, livens and ledifolia
were due to secondary contact following divergence in isolation and subsequent
range expansion. First, the current distribution of P. mollis is relatively restricted (i.e.
c. 250 k m between the most distant populations). Second, the extent of
morphological diversity within P. mollis is remarkable and, consequently, there are
m a n y hybrid zones within the species. Third, there is the potential for long-distance
dispersal of fruits (discussed above). If the apparently high levels of gene flow have
been consistent through time, and there is n o reason to suggest otherwise, then it is
difficult to envisage the evolution of the diversity within P. mollis from a scenario
dependent on reproductive isolation, given its current restricted distribution. Further,
phylogenetic analysis of allozymes has suggested that subsp. livens has diverged from
the ancestors of subsp. revoluta (Chapter 7). Therefore, all available evidence suggests
that these hybrid zones are the result of primary divergence.

The scenario of a relatively rapid and recent spread of P. mollis over a heterogeneous
environment coupled with divergence in parapatry is consistent with the vegetation
changes that were influenced b y changing fire regimes. With the onset of cold-arid
conditions between 30,000 and 20,000 years B.P., and increased fire frequencies with
the arrival of h u m a n s , the previously widespread wet forests and other reliable
moisture demanding vegetation communities were most affected and the pyrophytic
grasslands and sclerophyll woodlands and forests least affected (Hope 1984). The
influence of fire and the general change to sclerophyll vegetation in south-eastern
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Australia has probably been a major influence on historical distribution patterns of P.
mollis.

The close correspondence between hybrid zones within P. mollis and ecotones
suggests that, as opposed to tension zones (Key 1968), these hybrid zones are unlikely
to m o v e . Asymmetrical seed set following reciprocal pollination between P. mollis
subsps. mollis, ledifolia and leptophylla suggests an exception. If seed set reflects
fitness, then these results suggest that subsp. mollis is at an advantage over these
other subspecies. All else being equal, such an advantage will allow it's genes to
spread towards the range of the more southern subspecies in an advancing w a v e
(Hewitt 1988). This model clearly requires further investigation. There are few
reports of moving zones, possibly because the spread of advantageous genes, and
replacement of disadvantaged genes, m a y be quite rapid (Hewitt 1988).

Optimal outcrossing would be expected in species that show genetic structure
because of restricted gene flow or that are adapted to a spatially heterogeneous
environment (Waser and Price 1989). For example, gene dispersal is sufficiently
restricted in populations of Delphinium nelsonii to allow adaptation over distances of
50 m (Waser 1988; Waser and Price 1985). Consequently, Waser and Price (1991b)
found that seed set following crosses between plants 10 m apart outperformed
shorter and longer distances, and suggested that an optimal outcrossing distance of
between 1 and 100 m maximises seed set in D. nelsonii. Persoonia mollis, however,
shows clear genetic structure at those loci that determine morphological form in the
face of more or less panmictic gene flow across the hybrid zones between subsps.
revoluta, livens and ledifolia. This occurs because hybrid zones can be semi-permeable
to gene flow (Barton and Hewitt 1985; Barton and Bengtsson 1986). The absence of
outbreeding depression w a s therefore perhaps not surprising given the evidence of
unrestricted gene flow across these hybrid zones preventing the formation of genetic
structure at neutral genes. The genes that affect compatibility must be independent
of the non-neutral genes affecting morphological form. The latter are prevented from
crossing the hybrid zone because of different selection regimes either side of the
ecotone. Outbreeding depression appears to have an effect on fruit set in P. mollis
only at distances in excess of 100km between mates. These trends appear consistent
with the estimates of extensive gene flow within P. mollis (Chapter 6).

Other studies have also failed to find a relationship between seed set and an optimal

outcrossing distance between mates (Bertin 1982; Levin 1989; Newport 1989; Broyles
and Wyatt 1991; Waser 1993 and references therein). In almost all of these studies, as
in the current study, fitness effects were not investigated beyond the stage of seed
production. Fitness effects have, however, been detected in m a n y studies b y
measuring seed set (Waser 1993). Outbreeding depression can manifest itself through
genetic and ecological mechanisms, and both pre- and post-germination studies are
required before the conclusion of no fitness effect on hybrids could be accepted.
However, these studies are extremely difficult for P. mollis, because natural seed
germination is negligible, and all personal attempts at seed germination have failed
(see also Abbott and van Huerck 1988). Reciprocal transplant experiments designed
to detect the extent of phenotypic plastidty (see Chapter 9) revealed no evidence of
extreme environmental selection w h e n mortality of transplants (from cuttings) w a s
considered. Foreign transplants survived just as well as local transplants u p to one
year after replanting (Chapter 9). These data suggest indirectly that if there is
selection against hybrids, seed germination or seedling vigour m a y be most affected.
This model clearly requires further investigation.

In parapatric spedation, both spatial segregation and spatial differentiation initiate
the process and lead to the evolution of isolating mechanisms between groups of
geographically distinrt but contiguous populations (Endler 1977). A s the available
evidence suggests that the hybrid zones between P. mollis subsps. revoluta, livens and
ledifolia are primary in origin, these zones warrant further study with the aim of
testing models of parapatric speciation, with the caveat that the problems of
prospedive narration m a k e it logically impossible to assess future events (O'Hara
1993; Chapter 1).

CHAPTER NINE: M O R P H O L O G I C A L VARIATION IN Persoonia mollis:
ASSESSING THE EXTENT OF PHENOTYPIC PLASTICITY.

9.1 Introduction

Phenotypic variation among populations within a plant species can arise from four
principal sources: (i) phenotypic plasticity, which is the environmental modification
of genotypic expression (Bradshaw 1965), (ii) genetic divergence as a consequence of
natural selection (Endler 1986), (iii) random genetic drift (Wright 1931) and (iv)
mutation. The variation arising from both plasticity and selection, but not drift and
mutation, will be expected to show similar correlations with some environmental
factors. Therefore, before drawing any conclusions about the importance of natural
selection, the variation due to phenotypic plasticity must first be distinguished
(Endler 1986). That is, the heritable and non-heritable components of variation need
to be separated. Natural selection cannot occur if the trait is not heritable (Endler
1986). Phenotypic plasticity not only has consequences for the importance of
processes such as natural selection, but it also affects the recognition of taxonomic
pattern and rank (Schmid 1992). For example, plastic variation a m o n g populations
would not warrant recognition at species rank because the differences have an
ephemeral nature due to an absence of genetic differences.

Plants have an open organization of growth and as such possess high potential for
phenotypic plasticity (Schmid 1992). The continuous serial production of n e w organs
such as leaves means that a capacity to respond developmentally to environmental
influences is present throughout a plant's life (Schmid 1992). Because n e w growth is
exposed to the direct influences of the environment, plant development is a flexible,
life-long process under continuous environmental control. Consequently,
interpopulation variation due to phenotypic plasticity can be detected by the
monitoring of changes in diagnostic characters in n e w modular growth following
reciprocal transplant experiments (Heslop-Harrison 1964). The classical example of
this approach is the w o r k of Clausen et al. (1940, 1948), which involved large scale
reciprocal transplant experiments o n plants collected from populations along a wide
climatic transect. These studies revealed a detailed picture of the range of adaptation
within species and its genetic basis.

Persoonia mollis is a complex species with nine allopatric and parapatric subspecies
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currently recognised (Krauss and Johnson 1991). The variation a m o n g subspecies is
most pronounced in leaf morphology, pubescence and in habit (Chapter 3). There is
a strong correlation between the geographic distribution of these subspedes and some
environmental factors, most notably substrate (Krauss and Johnson 1991; Chapter 3).
For example, P. mollis subsp. revoluta occurs on Triassic Hawkesbury Sandstone; P.
mollis subsp. livens occurs on Ordovician metasediments; P. mollis subsp.
budawangensis occurs on Upper Devonian Merimbula Formation sandstones; whilst P.
mollis subsp. leptophylla occurs on Permian N o w r a sandstone (Krauss and Johnson
1991). These subspecies all show striking morphological differences and yet occur
within 100 k m of each other (Krauss and Johnson 1991).

The objective of the current study was to determine whether the phenotypic variation
a m o n g these P. mollis subspecies w a s due to phenotypic plasticity and are therefore
non-heritable. Seedlings propagated vegetatively from cuttings were used in fullyreciprocal transplant experiments in natural populations and changes in leaf
morphology of n e w leaves were assessed. N o detectable change in leaf morphology
would suggest that these traits are under genetic, and therefore heritable, control.

9.2 Materials and methods

Cuttings were taken from 17 populations representing all nine subspecies of P. mollis
(those listed in Chapter 6 (Table 6.1), except for Sublime Point) between the 24th and
27th November 1990. Thirty-two cuttings from each of four randomly selected plants
in each population were taken and wrapped in d a m p newspaper inside a plastic bag
stored in ice. These were set u p for propagation between the 28th and 30th
November 1990 at M t A n n a n Botanic Gardens, Sydney, by dipping each cutting in a
rooting solution of indolebutyric acid (I.B.A.) at 6000 p.p.m. for 5 seconds and placing
them in punnets of standard propagation soil mix in a mist-glasshouse with bottom
heat. Cuttings were checked regularly for root development and those with roots
were transferred to individual pots containing a Proteaceae soil mix (G. Fensom, pers.
comm.). Cuttings lacking roots in M a y 1991, and again in August 1991, were
redipped. The final potting up of cuttings with roots was done on the 27th
November 1991, and the remaining cuttings without roots were discarded. In total,
184 out of 2208 original cuttings, or 8.3%, were successfully propagated to this stage.
Potted plants were kept in a shadehouse and top-watered daily until transplantation
into the field between the 1st and 18th April 1992.

Six populations produced sufficient material for appropriate replication of reciprocal
transplants. These were Belanglo and Soapy Flat (P. mollis subsp. revoluta), Billys Hill

and Y a r r a m u n m a h (P. mollis subsp. leptophylla), Governors Hill (P. mollis subsp. livens)
and M t B u d a w a n g (P. mollis subsp. budawangensis). The major diagnostic features of
these subspecies are summarised in Table 9.1. These six populations were divided
into three experimental pairs so as to maximise the number of reciprocal transplants
in each experiment. Phenetic extremes (principally on the basis of leaf width: see
below) were paired in each case so as to maximise the power of detecting any change
in morphology. Thus reciprocal transplants were exchanged between Belanglo (22
seedlings) and Governors HUI (10), Soapy Flat (10) and Billys Hill (10), and
Y a r r a m u n m a h (20) and M t B u d a w a n g (20) respectively. For each population, half of
the propagated plants were planted back into the h o m e population (i.e. the
experimental control for the effect of transplantation) and half into the away
population. Planting locations were assigned randomly in a mosaic. All excess soil
w a s removed from each plant before planting. All plants were well watered w h e n
planted, and then again on the 6th M a y and the 18th July, 1992, after which they
were left undisturbed under natural conditions until sampling in July 1993, 15
months after planting,

Sampling involved the random collection of three leaves from the middle of the
current season's growth, these having been produced since transplantation and under
exposure to the n e w environmental conditions. These leaves are easily identified in
P. mollis because the annual inflorescence axis continues to grow beyond the previous
seasons growth, and the first few leaves produced in the n e w seasons growth are
greatly reduced in size or even scale-like (i.e. the inflorescence is an auxotelic
botryum (Briggs and Johnson 1979)). Leaves were pressed and dried and measured
for ten variable characters (Table 9.2) using a binocular dissecting microscope. The
adult plants that the cuttings were taken from were also measured in the same way,
and the significance of the differences for each of the 10 characters between each pair
of populations for these adults w a s assessed by t-test. For the transplants, seedling
vigour w a s assessed by mortality, and plant habit w a s assessed qualitatively (as
either prostrate/procumbent or erect).

For each of the three reciprocal transplant experiments, the overall change in leaf
phenotype w a s assessed by ordination of each seedling and adult from the data
matrix of 10 leaf morphology characters. Each characteristic w a s the m e a n of 3

Table 9.1. The major diagnostic features of the Persoonia mollis subspecies involved in
the reciprocal transplant experiments.

subspecies

major diagnostic features

revoluta

habit prostrate to procumbent. Leaves elliptical, green,
sparsely-pubescent and usually broader than 6 m m .

livens 0.8 - 2 m high. Leaves linear, grey, densely-pubescent and less
than 2 m m wide.

leptophylla 0.8 - 2 m high. Leaves linear, green, sparsely pubescent and
less than 2 m m wide.

budawangensis 0.8 - 2 m high. Leaves oblong-lanceolate to linear oblong,
green, sparsely pubescent, 3 - 6 m m wide.
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leaves. The ordination procedure w a s non-metric multidimensional scaling ( N M D S ) ,
using the P A T N program (Belbin 1993). Non-metric multidimensional scaling is an
ordination procedure that aims to compute coordinates for a set of points in space
such that the distances between pairs of these points fit as closely as possible to the
measured dissimilarities between these individuals by monotonic regression (Kruskal
1964; Kruskal and Wish 1978; see also Chapter 3). The measure of association
calculated w a s the G o w e r metric (Gower 1971), which is the range standardised form
of the Manhatten distance, using the P A T N package (Belbin 1993). For seedlings
planted into a w a y populations, a change in leaf phenotype towards the leaf
phenotype of the a w a y population would be reflected in the ordination plot by a
movement a w a y from the h o m e plants towards the away plants. A n overlapping of
these plants with the seedlings and adults from the h o m e population would indicate
no change in seedling leaf phenotype.

The change in the important distinguishing character of leaf width between source
plants and seedlings w a s assessed in more statistical detail by 2-factor unbalanced
analysis of variance ( A N O V A ; Winer 1970, Underwood 1981), using the S Y S T A T
program (Wilkinson 1992). For each seedling, leaf width w a s subtracted from the leaf
width of it's genetically identical adult, and the A N O V A performed on this difference
to remove non-independence. Factor 1 w a s population, with 2 levels, and factor 2
w a s treatment with 2 levels (home and away transplantation). The number of
replicates varied from 6 to 27. The assumption of homogeneity of variances w a s
tested by Bartletts-test, while for significant effects, means were compared by Tukey
tests (Winer 1970).

9.3 Results

A significant difference between adults from each population pair was found at
between 5 and 9 of the 10 characters measured (Tables 9.2, 9.3, 9.4), indicating
marked phenotypic differences in leaf morphology for each pair of populations. Of
these, the differences in leaf width were generally most pronounced with between a
3.5 and 5 fold difference in width between population pairs.

All statistical tests of the change in leaf width between seedlings and source plants
produced a significant test of heterogeneity of variances, which could not be removed
by standard transformations. Therefore, the results need to be interpreted with

Table 9.2. M e a n and standard error for each of ten leaf characters for adult plants
(i.e. source of cuttings) from Soapy Flat (P. mollis subsp. revoluta) and Billys Hill (P.
mollis subsp. leptophylla), with significance of differences between means determined
by t-tests (with 22 df). n = 12 (i.e. 3 leaves from each of 4 plants from each
population).

character

population

Soapy Flat

Billys Hill

P

length

25.8 (0.68)

21.8(1.04)

***

length to widest point

14.4 (0.76)

9.2 (0.93)

#**

width

6.5 (0.16)

1.3 (0.05)

***

recurvature width

0.2 (0.01)

0.5 (0.01)

***

apex angle

64.9 (3.90)

45.1 (3.27)

***

upper pubescence density

0(0)

3.7 (1.19)

*

upper pubescence length

0(0)

0.4 (1.19)

**

lower pubescence density

3.8 (0.67)

7.7 (0.62)

***

lower pubescence length

0.6 (0.13)

0.8 (0.07)

ns

pubescence at apex

0(0)

0.1 (0.05)

ns

All distances in m m . Angles in degrees. Pubescence densities in hairs/1.23 m m 2 at
middle of leaf. Pubescence length is longest hairs at middle of leaf; *** P<0.001; **
P<0.01; * P<0.05; ns not significant.

Table 9.3. M e a n and standard error for each of ten leaf characters for adult plants
(i.e. source of cuttings) from Governors Hill (P. mollis subsp. livens) and Belanglo (P.
mollis subsp. revoluta), with significance of differences between means determined by
t-tests (with 22 df). n = 12 (i.e. 3 leaves from each of 4 plants from each population).

character

population

Governors Hill Belanglo P

length

32.4 (0.69)

23.1 (0.95)

***

length to widest point

16.1 (1.38)

11.6 (0.57)

**

width

1.5 (0.11)

5.2 (0.19)

***

recurvature width

0.6 (0.02)

0.3 (0.04)

***

apex angle

34.7 (1.58)

58.3 (3.70)

***

upper pubescence density

11.7 (1.67)

0.3 (0.13)

*»*

upper pubescence length

0.7 (0.07)

0.2 (0.14)

*

lower pubescence density

44.2 (2.29)

9.9 (1.64)

***

lower pubescence length

0.8 (0.05)

0.7 (0.10)

ns

pubescence at apex

0.6 (0.08)

0(0)

***

All distances in m m . Angles in degrees. Pubescence densities in hairs/1.23 m m 2 at
middle of leaf. Pubescence length is longest hairs at middle of leaf; *** P<0.001; **
P<0.01; * P<0.05; ns not significant.

Table 9.4. M e a n and standard error for each of ten leaf characters for adult plants
(i.e. source of cuttings) from Yarramunmah (P. mollis subsp. leptophylla) and M t
B u d a w a n g (P. mollis subsp. budawangensis), with significance of differences between
means determined by t-tests (with 22 df). n = 12 (i.e. 3 leaves from each of 4 plants
from each population).

character

population

Yarramunmah Mt Budawang P

length

24.4 (0.51)

26.1 (1.49)

ns

length to widest point

11.2 (0.42)

12.3 (0.62)

ns

width

1.5 (0.07)

5.8 (0.15)

***

recurvature width

0.5 (0.02)

0.2 (0.01)

***

apex angle

34.7 (4.60)

67.3 (4.10)

***

upper pubescence density

0(0)

0(0)

ns

upper pubescence length

0(0)

0(0)

ns

lower pubescence density

6.8 (0.90)

1.5 (0.60)

***

lower pubescence length

0.6 (0.13)

0.2 (0.06)

**

pubescence at apex

0.0 (0.03)

0(0)

ns

All distances in m m . Angles in degrees. Pubescence densities in hairs/1.23 m m 2 at
middle of leaf. Pubescence length is longest hairs at middle of leaf; *** P<0.001; **
P<0.01; * P<0.05; ns not significant.

caution, and significance w a s assigned at the 9 9 % level. For the Soapy Flat - Billys
Hill reciprocal transplants, a significant interaction term (Table 9.5) w a s due to an
increase in leaf width for Soapy Flat seedlings at Billys Hill that w a s larger than the
change in leaf width for all other cases (mean increase = 1.6 m m (s.e. = 0.11); Tukey
test, P < 0.001). All other cases were not different. However, this change in leaf
width w a s not towards the leaf width of the native Billys Hill plants. Although
indicating a plastic response, this change in leaf width indicates that the diagnostic
difference in leaf width between the Belanglo and Billys Hill populations is not due
to phenotypic plasticity as a narrowing of leaf width would have been expected if
this had been the case. For the Belanglo - Governors Hill reciprocal transplants, no
change in leaf width w a s detected (Table 9.6), indicating no evidence of plasticity in
leaf width. The change in leaf width for the Yarramunmah - M t B u d a w a n g
reciprocal transplants w a s assessed by t-test because of the loss of all seedlings at the
M t B u d a w a n g population (see below). The change in leaf width between seedlings
and their source plants w a s significantly different for these two populations (t =
4.237, df = 52, P < 0.001). However, the changes were not convergent as would be
expected if they were due to phenotypic plasticity, as the M t B u d a w a n g seedlings at
Y a r r a m u n m a h displayed a significant increase in leaf width (t = 2.59, df =26, P <
0.05). The h o m e Yarramunmah seedlings displayed a significant decrease in leaf
width (t = 5.36, df =26, P < 0.001), suggesting some effect of transplantation on these
seedlings.

For each of the three reciprocal transplant experiments, the projection of adults and
h o m e and a w a y seedlings onto 2 N M D S ordination axes, on the basis of 10 leaf
morphology characters, showed a clear non-overlap of plants originating from
different populations (Figs. 9.1, 9.2, 9.3). These results indicated firstly that there w a s
no overall confounding effect on leaf morphology caused by propagation and
transplantation, as seedlings planted back into their h o m e populations were not
discernibly different in leaf morphology to their source plants (i.e. adults, although
Y a r r a m u n m a h appears to be an exception as indicated above (Fig. 9.3)). Secondly, in
each of the three ordination plots, seedlings transplanted into a w a y populations
showed no change in leaf morphology towards the phenotype of the a w a y
population plants. These results indicated an absence of an environmental effect on
the diagnostic differences in leaf morphology between these populations after 15
months exposure under natural conditions. The absence of convergence of
phenotypes following reciprocal transplantation indicates that the phenotypic

Table 9.5. T w o factor orthogonal A N O V A of the difference in leaf width between
adults and seedlings 15 months after reciprocal transplants of vegetatively
propagated cuttings from the 2 P. mollis populations Soapy Flat and Billys Hill. Data
are untransformed, Bartletts x2=22.1, P<0.001, all other transformations attempted
were also significant.

source

SS

df

MS

F

P

population (A)

7.979

1

7.979

28.906

0.000

transplant (B)

2.487

1

2.487

9.009

0.005

AxB

4.139

1

4.139

14.995

0.000

Residual

11.317

41

0.276

Table 9.6. T w o factor orthogonal A N O V A of the difference in leaf width between
adults and seedlings 15 months after reciprocal transplants of vegetatively
propagated cuttings from the 2 P. mollis populations Belanglo and Governors Hill.
Data are untransformed, Bartletts x2=8.52, P<0.05, all other transformations attempted
were also significant.

source

SS

df

MS

F

P

population (A)

0.320

1

0.320

0.402

0.529

transplant (B)

0.345

1

0.345

0.433

0.514

AxB

1.838

1

1.838

2.309

0.136

Residual

35.032

44

0.796

Figure 9.1. Ordination (non-metric M D S ) of plants involved in reciprocal transplants
between Soapy Flat (P. mollis subsp. revoluta) and Billys Hill (P. mollis subsp.
leptophylla) based on leaf morphology. S = Soapy Flat adults, a and c = Soapy Flat
seedlings at Soapy Flat and Billys Hill respectively; B = Billys Hill adults, b and d =
Billys Hill seedlings at Soapy Flat and Billys Hill respectively. Stress = 0.118.
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Figure 9.2. Ordination (non-metric M D S ) of plants involved in reciprocal transplants
between Governors Hill (P. mollis subsp. livens) and Belanglo (P. mollis subsp.
revoluta) based on leaf morphology. G = Governors Hill adults, a and c = Governors
Hill seedlings at Governors Hill and Belanglo respectively; B = Belanglo adults, b and
d = Belanglo seedlings at Belanglo and Governors Hill respectively. Stress = 0.070.
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Figure 9.3. Ordination (non-metric M D S ) of plants involved in reciprocal transplants
between Yarramunmah (P. mollis subsp. leptophylla) and M t Budawang (P. mollis
subsp. budawangensis) based on leaf morphology. Y = Yarramunmah adults, a =
Yarramunmah seedlings at Yarramunmah; B = M t Budawang adults, b = M t
Budawang seedlings at Yarramunmah. Stress = 0.087.

differences between these populations are under genetic, rather than environmental,
control.

The numbers of seedlings in two ordination plots (Figs. 9.2, 9.3) are distinctly
asymmetrical because of uncontrollable disturbances that affected mortality of
seedlings equally in two populations. All seedlings were lost soon after transplanting
at the M t B u d a w a n g population, and all but four (two Belanglo and two Governors
Hill transplants) were lost in the Belanglo population. Natural mortality w a s
otherwise low (11 out of 60 seedlings) and h o m e and a w a y transplants were equally
affected (5 and 6 mortalities respectively). In each case this appears to have reflected
a lack of vigour in these seedlings w h e n planted, rather than an effect of the n e w
environment, as these seedlings were smaller and with fewer leaves than most other
plants.

There were no changes in habit after 15 months growth. New growth on the
prostrate/procumbent subsp. revoluta seedlings remained prostrate or procumbent
regardless of environmental conditions. Similarly, all a w a y seedlings transplanted
into populations where the native plants were prostrate retained their erect habit.

9.4 Discussion

The commonest and oldest indirect method of "detecting" natural selection is by the
identification of a close correlation between geographic variation in phenotypic traits
and geographical variation in environmental factors (Endler 1986). In using this
procedure, it is essential to use traits that are heritable. Non-heritable, or plastic,
variation must be identified before natural selection can be inferred for those traits
(Endler 1986). In the current study, the transplantation of vegetatively propagated
seedlings of P. mollis into foreign environmental conditions did not remove the
diagnostic phenotypic expression from leaves produced under the n e w conditions.
These results suggest that the diagnostic differences in leaf morphology between
some distinct P. mollis populations are not due to phenotypic plasticity but are under
genetic, and therefore heritable, control. Given the strong correlation between the
distribution of P. mollis subspecies with environmental factors such as substrate, the
results of the current study are consistent with the model that the various
morphological forms of P. mollis are well-adaptated forms selected for by a variable
environment.

These conclusions must be qualified with the assumption that developmental
canalization (Waddington 1940; Scharloo 1991) at the seed and seedling stage is not
influencing final morphological form. That is, environmental stimuli can affert
developmental pathways in seed or young seedlings, and these responses m a y
influence final morphological form. The failure to eliminate a plasticity effect on the
development of germinating seeds is the major short-coming of the current study and
needs to be addressed. However, this is difficult to achieve due to the difficulty of
germinating Persoonia seeds and/or extremely low germination rates naturally
(Abbott and van Heurck 1988). All personal attempts to germinate seeds of P. mollis
relatively naturally have failed. However, the extent of canalization on developing
seeds and seedlings in h o m e and away environments needs to be addressed.

The choice of seeds or cuttings in transplant experiments introduces complications
that can produce different results for the same experiments (Heslop-Harrison 1964;
Schmid and Bazzaz 1990). Cuttings m a y not necessarily "reset" development of n e w
growth (Schmid 1992). Carry-over effects m a y prevent the expression of plasticity in
n e w growth from cuttings that might otherwise be expressed through the use of
seeds (Schmid and Bazzaz 1990; Schmid 1992). These problems m a y increase the
type II experimental error in the current study, emphasising the need to compare the
results in the current study with similar experiments with seeds.

Many recent studies investigating the importance of phenotypic plasticity in the
geographic variation in plant species have suggested that plant populations consist of
"general purpose genotypes" which adjust by phenotypic plasticity to small
differences in environmental conditions (e.g. Schmid 1985; Sultan 1987; Lotz et al.
1990; Platenkamp 1990; Schmid and Bazzaz 1990; Novak et al. 1991; Schmid 1992).
The diagnostic variation between subspecies in P. mollis appears to be an exception to
this generalization, and is more in line with studies that "demonstrated" the
importance of natural selection by showing a close match between the phenotypic
responses of genotypes and their environments (e.g. Clausen et al. 1940,1948;
McNeilly 1968; Antonovics et al. 1971; Sultan 1987). Just as these studies utilized
extreme environments (e.g. by growing metal tolerant and intolerant genotypes on
heavy metal and uncontaminated soils) to demonstrate the importance of selection,
the results of the current study reflect the quite different environments that P. mollis
occurs in over its range, and particularly with regard to substrate.

Gross differential fitness effects only were investigated in the current study through
the assessment of mortality of propagated plants 15 months after transplantation.
Consequently, conclusions about fitness effects are only weak. However, direct
evidence for natural selection in the current study w a s lacking as there were no
differences in mortality of h o m e and a w a y seedlings. This result w a s surprising
given the extreme morphological differences between subspecies, each apparently
well-adapted to markedly different environments. Assuming that these results
accurately reflect the survival, and ultimately fitness, of morphological forms of P.
mollis in foreign environments once established, then selection must be preventing
establishment of foreign forms. This is because often extremely sharp hybrid zones
(less than 5 k m wide) exist between parapatric forms (Chapters 3 and 8) with an
absence of even rare foreign forms within the range of a subspecies. Restricted gene
flow can produce the same result (e.g. Levin and Schmidt 1985). However, this is
extremely unlikely in P. mollis as indirect estimates indicate that gene flow is
extensive (Chapters 5, 6 and 8) primarily through the dispersal of fruits by birds, for
example, with often large ranges. The dispersal of seeds into foreign environments
must occur frequently enough to expect to find rare foreign phenotypes co-occurring
with "natives", all else being equal. A s this is not the case, establishment must be
prevented either by the blocking of germination of foreign seeds, or by the
elimination of these seedlings soon after germination. This model requires testing
through the reciprocal transplanting of seeds with subsequent monitoring of
germination and vigour. Alternatively, developmental canalization m a y be
responsible (discussed above).

Although the diagnostic differences in leaf phenotype were not removed following
transplantation into foreign environments, evidence of plasticity w a s found in these
transplant experiments. For example, seedlings from Soapy Flat planted into Billys
Hill were producing broader leaves after 15 months in their n e w environment than
clones in their natural environment. The ability to respond to changes in the
environment is of great evolutionary significance for sessile organisms such as plants
(Schlichting 1986; Stearns 1989; Schmid 1992; Coleman et al. 1994). Further study is
required to assess the degree of phenotypic variation within these subspecies that is
due to plasticity. Inter-population variation within subspecies of P. mollis might be
expected to s h o w a closer fit to the model of most plant populations as "generalpurpose genotypes" which adjust by phenotypic plasticity to more subtle differences
in environmental conditions (Schmid 1992).

CHAPTER TEN: GENERAL DISCUSSION A N D CONCLUSIONS.
All spedes concepts are logically and operationally flawed because they rely on
prospedive narration, or equivalently, they depend u p o n the future (O'Hara 1993;
Chapter 1). The best solution to the spedes problem is to apply a species concept
that is appropriate to the current objectives of the study (O'Hara 1993). W h e r e the
objedive is to better understand the processes that produce diversity and spedation,
as it w a s in this study, a spedes definition must incorporate these processes. For this
objedive, the cohesion spedes concept (Templeton 1989) is most appropriate as it is
related to the mechanistic framework of population genetics. Here, a spedes is
defined as the most indusive group of organisms having the potential for genetic
and/or demographic exchangeability (Templeton 1989). Spedes lineages are
maintained through intrinsic cohesion mechanisms such as gene flow, stabilising
seledion, and developmental or historical constraints preventing genetic drift.
Monophyly provides the grouping criterion missing from the cohesion spedes
concept (Mishler 1990) which identifies the potential for developmental or historical
constraints. Monophyly identifies the evolutionary lineage within which current
cohesive mechanisms are assessed. Infraspecific populations with apparent
monophyly are not recognised at species rank if there is evidence of cohesive
mechanisms, such as gene flow, between them.

Due to an absence of universal criteria of similarity, difficulties have arisen when
attempting to apply the cohesive species concept operationally. The application of
indired estimates of gene flow (Chapter 6; Porter 1990; Wolf and Soltis 1992) to
questions of rank highlights these difficulties. The dedsion of what value of Nm
should gene flow be considered cohesive remains a subjective one. It should also be
dear from the above discussion that it is vitally important to conduct these studies
within a phylogenetic framework, as the use of estimates of Nm alone for the
delineation of spedes assumes a biological species concept. The problems assodated
with the sole use of reproductive criteria for the definition of spedes have already
been discussed (Chapter 1). The application of objective operational criteria of
demographic exchangeability is even more difficult, but can be conceptualized as a
sharing of the same fundamental niche. This can degenerate into a phenetic spedes
concept. However, b y identifying the importance of non-heritable variation b y
redprocal transplant experiments, it w a s concluded in this study that phenetic
differences accurately refleded variation due to natural seledion and consequently

demographic exchangeability.

Persoonia mollis sens. lat. has been s h o w n in this study to be a monophyletic group
that, despite cohesion due to gene flow and a shared recent history, exhibits extensive
morphological variation that is correlated with geographic changes in the
environment, and most notably substrate. The morphological variation appears due
to a breakdown in the cohesive properties of stabilizing selection. Taxonomically
difficult groups, such as P. mollis, are those that exhibit a conflid between genetic and
demographic exchangeability (Templeton 1989). "Good" spedes are those that are
well defined by both criteria. Persoonia mollis can be regarded as a lineage that m a y
be in close proximity to a node (i.e. speciation event) and, as such, it served as both a
taxonomically difficult group as well as an excellent organism for the study of the
processes that are important in producing divergence and, possibly, ultimately
spedation.

Some resolution of the taxonomy of this previously poorly understood group was
achieved in this study, with nine allopatric and parapatric groups recognised formally
as subspedes. These infra-specific taxa were s h o w n by multivariate procedures to be
phenetically distind despite extensive gene flow between them. However, questions
of taxonomic rank remain weakly resolved. These problems can be seen to be
assodated with the interpretation that P. mollis is a lineage in close proximity to a
node. A s such, dearer resolution of the taxonomy of complex groups such as P.
mollis is unattainable, not only because of the logical and operational inadequades of
our concepts of species but because the biological situation (i.e. cladogenesis) remains
at present unresolved. Populations of P. mollis are currently integrated by cohesive
evolutionary processes (e.g. gene flow, shared recent history) and they are effedors,
not effeds (Kluge 1990). Consequently, they should be regarded as constituting one
spedes, despite their phenetic distinctness, because of the perceived involvement by
members of this lineage in evolutionary processes. Persoonia mollis subsp. maxima
should be regarded as an exception because of the geographical disjunction between
it and the remaining subspedes, its morphological and allozymic distinctness, and its
dadistic relationship as the sister group to all other subspedes within the P. mollis
dade. Therefore, the elevation to spedes status of P. mollis subsp. maxima is
recommended. This recommendation is m a d e on the basis of current phenomena,
whilst acknowledging that introgression between P. mollis subsp. maxima and other P.
mollis subspecies m a y occur at some stage in the future. The logical problems

associated with prospective narration should be borne in mind in any taxonomic
revision incorporating the recognition of a n e w , dosely related spedes.

The recognition of P. mollis subsp. maxima at species rank suggests that P. mollis sens.
lat can be regarded as a syngameon, which is the most indusive unit of interbreeding
in a hybridizing spedes group (Grant 1981). Syngameons are widespread in animals
and particularly in plants (Templeton 1989). They are a major source of difficulty for
spedes concepts and particularly those that depend solely on reproductive criteria.
Grant (1981) refers to m e m b e r s of a syngameon as "semispecies". However, members
of syngameons can remain as distinct lineages for long periods of time and it is
appropriate that these distind lineages be recognised as species (Templeton 1989).
The syngameon incorporating P. mollis sens. lat. also indudes P. linearis, P. levis, and
P. microphylla, as hybrids are k n o w n between these spedes and P. mollis (Weston
1991). Indeed, P. linearis appears to readily hybridize naturally with P. mollis
(Chapter 8). Fixed allelic differences at two allozyme loci between sympatric
populations of P. mollis and P. linearis, however, indicate that hybrids between these
two spedes have severely reduced fitness and that cohesive mechanisms exist that
maintain the integrity of these lineages. The situation is also resolvable by
phylogenetic criteria as P. mollis is clearly monophyletic and distind from the
apparently dosely related P. linearis. Therefore, despite constituting a syngameon, P.
mollis and P. linearis have been s h o w n operationally to constitute distinct species on
phenetic, reproductive and phylogenetic criteria. Similarly, P. mollis subsp. maxima
warrants recognition at spedes rank.

Distinguishing between allopatric, alloparaparric and parapatric modes of speciation
is notoriously difficult as the end points are, with time, indistinguishable (Endler
1977; Lynch 1989). Within P. mollis, the apparently extensive gene flow, the
remarkable extent of morphological differentiation and the correspondingly large
n u m b e r of hybrid zones, as well as the relatively restrided distribution of the spedes
(i.e. 250 k m from north to south, 100 k m from east to west) suggest that reprodudive
isolation through allopatry is unlikely to have been a prerequisite for morphological
differentiation. A s such, morphological differentiation whilst in parapatry as a
consequence of strong natural seledion b y a heterogeneous environment,
independent of the homogenizing effeds of gene flow, is a scenario that is consistent
with the results of this study. T w o exceptions to this generalization appear to be the
geographically disjund subsp. maxima and the secondary hybrid zone between
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subsps. livens and budawangensis. These populations are the dosest to indpient
spedation, and indicate that allopatry m a y be vital for spedation, as distind from
differentiation, within P. mollis. These observations are consistent with those of M a y r
(1963), in support of allopatric speciation, that the most aberrant populations in most
spedes are those that are peripherally isolated.

The question raised then is can the populations that have apparently differentiated in
parapatry continue to speciation (in the absence of a major unpredidable
chromosomal rearrangement (White 1978; K e y 1981)), or is allopatry required? The
essential requirement for parapatric divergence to continue to spedation is for
positive assortative mating either side of a hybrid zone leading to reproductive
isolation (Endler 1977). Theoretically, this can occur w h e n the frequency of
"coadaptive modifiers" that increase the fitness of a given genotype increases because
the same modifiers have a deleterious effed w h e n present in other genotypes (Clarke
1966; Endler 1977). Reprodudive isolating mechanisms can evolve if the effeds of
fitness modifiers give a net hybrid disadvantage in fitness (Endler 1977). This
requires a genetic assodation between traits conferring adaptation to the environment
and traits affecting mating preferences. The association can be created b y strong
linkage between these genes (Maynard-Smith 1966). The absence of differential
mating preferences despite striking morphological differentiation across ecotones
suggests that there is no, or weak, linkage between these genes within P. mollis.
Consequently, unless these zones are very young, parapatric speciation within P.
mollis appears unlikely to occur. With no hybrid disadvantage, it is possible for these
hybrid zones to persist. M a n y well-studied hybrid zones in other spedes appear to
have been stable over very long periods of time (e.g. Key 1981; Barton and Hewitt
1985; Hewitt 1989). These observations suggest that speciation in parapatry through
the evolution of mating isolation, as opposed to differentiation in parapatry, m a y be
rare.

The current morphological differentiation within P. mollis is due to history
(phylogeny) and/or current ecological fadors such as natural selection and gene flow.
Distinguishing between historical and ecological fadors is a major problem in biology
(Endler 1983). The best tree topologies produced b y the estimation of phylogeny of
populations within P. mollis were strongly influenced by the relationship between the
parapatric subsps. livens and budawangensis. Thus, the key to distinguishing between
historical and ecological fadors in this study appears to lie with these subspedes.
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W h y are they so different for apparently selected genes coding for morphology as
well as for apparently neutral, or at most weakly selected, genes coding for isozymes?
I have argued that the patterns of differentiation are due primarily to history, with
the hybrid zone between these subspecies a result of relatively recent secondary
contad. However, this model assumes that current ecological processes have no
effed on the geographical distribution of character states. Indired estimates of gene
flow were significantly lower between these subspedes than within either of them
(Chapter 6), and this w a s the only hybrid zone that such a relationship w a s found.
Therefore, it is conceivable that there is no gene flow between these two subspedes
and that the genetic similarities, and therefore indirect estimates of gene flow, were
due entirely to their shared ancestry. In such a case, P. mollis could be regarded as a
ring spedes (Mayr 1963; Endler 1977), where spedes level genetic differences
affecting reproductive compatibility exist between subsps. livens and budawangensis,
but that each of these taxa belong to natural lineages that do not possess spedes level
differences. Cross pollination experiments are required to assess the extent of
incompatibility, or the fitness of hybrids, between these two taxa to determine the
potential for gene flow. However, the absence of geographic boundaries and the
presence of contad zones between these two taxa indicate that there are no physical
barriers to gene flow. Premating isolation mechanisms appear unlikely, given the
realized patterns of pollinator m o v e m e n t between other P. mollis subspecies and
indeed between distind Persoonia species. Consequently, it appears unlikely that
current gene flow is adversely affeded, and it is more likely that the genetic
differences, and consequently the lower indirect estimates of gene flow, are due to a
relatively recent secondary contad. The study of this hybrid zone and the resolution
of these historical and ecological models should be a priority of further research.

The introgression between P. mollis subsps. livens and budawangensis demonstrates the
problem of prospective narration that logically flaws all current species concepts
(O'Hara 1993). Although sharing a recent ancestor, these distind taxa have evolved
separately under different environmental conditions. Just prior to introgression, these
taxa could have been considered on criteria of genetic and demographic
exchangeability to be good spedes under a cohesive species concept as a consequence
of either natural selection or genetic drift. However, with time and expansion of
ranges these taxa have c o m e into contact and produced a hybrid zone of secondary
origin. Because of their shared ancestry, they are genetically compatible and have
proceeded to introgress. Consequently, at this stage, they are not considered distinct
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spedes because of cohesion due to gene flow.

I have argued in this study that infraspedfic phylogenetic analysis can be profitably
applied to help characterise current from historical events that affed patterns of
differentiation within spedes at present. Although problems such as reticulate
evolution exist to confound the interpretation of phylogeny, infraspecific hierarchical
patterns and therefore historical events are resolvable under certain conditions. For
example, the apparent secondary contact between P. mollis subsps. livens and
budawangensis w a s revealed only b y phylogenetic analysis. In most cases, our
understanding of evolution would be greatly enriched by the phylogenetic analysis of
data in studies that are usually limited to an analysis of population genetic structure.
That is, historical causes of differentiation need to be investigated as well as current
ecological causes. D N A sequence data is currently providing a powerful and exciting
tool for the clearer reconstrudion of infraspecific phylogeny (e.g. Avise et al. 1987;
Avise 1989).

Having conduded indiredly that selection is a force powerful enough to counterad
the homogenizing effects of gene flow in P. mollis, the next step is to directly address
the relationship between morphological form and the environmental conditions for
which these forms are best adapted. Manly (1985) and Endler (1986) discuss various
approaches for the detection of natural selection in the wild. The results of the
current study suggest that the most promising approach here involves monitoring
seed germination and seedling success in foreign environments for different
subspedes. The hypothesis is that foreign seeds are less vigorous than native seeds.
This is equivalent to method VI in Endler (1986), being a perturbation of natural
populations. A s discussed in Chapter 9, this experiment is also required to determine
the importance of developmental canalization (Waddington 1940; Scharloo 1991). If
canalization is found to affect the final morphological form, then the importance of
seledion as a fador responsible for the morphological differentiation within P. mollis
is reduced.

Persoonia mollis was found to exhibit a diverse range of plant habit and leaf shapes
and sizes in different environments. For example, taller plants with larger leaves are
generally restrided to the more sheltered, cooler and wetter conditions experienced
by P. mollis. C o m p a d shorter plants with narrow leaves are found under more
exposed and drier conditions. Plants with a prostrate to procumbent habit are

restrided to deep sandy soils. These different morphological forms all occur on
different substrates. Tests of the adaptive functional significance of habit and leaf
form under these different environmental conditions are required (e.g. Givnish 1979)
to explore the biological reasons for natural selection (Endler 1986) in P. mollis.

Another promising approach for the study of natural selection in P. mollis involves
the unambiguous assignment of paternity within hybrid zones. Recent developments
in molecular biology n o w provide markers that uniquely identify individuals within
populations (Lewis and S n o w 1992; S n o w and Lewis 1993; Queller et al. 1993;
Bachmann 1994). These developments include RAPD's (Random Amplified
Polymorphic D N A ) (Williams et al. 1990; Welsh and McClelland 1990; Bachmann
1994) and microsatellites (Tautz 1989; Queller et al. 1993). They allow the accurate
measurement of patterns of syngamy or, equivalently, w h o shares parentage with
w h o m in a hybrid population (Waser 1993). Subtle differences in reprodudive
success and assortative mating can potentially be deteded, allowing the dynamics of
hybrid zones to be addressed directly. This approach is an example of the
application of powerful n e w genetic tools that are n o w available for the detailed
study of ecological processes in the evolution of natural populations. It is vital that
these studies are undertaken within the corred phylogenetic framework. This study
is an example of the approach required for the better understanding of both
taxonomic pattern and evolutionary process.
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